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ABSTRACT 
The overall aim of this investigation is to characterize, the unsteady three-
dimensional flow field generated by low aspect ratio rotating and flapping wings. An 
experimental system generates simple wing maneuvers in a water facility, and the flow 
structure is visualized via techniques of dye visualization, particle image velocimetry 
(PIV) and stereoscopic particle image velocimetry (SPIV).  
The flow structure on a rotating plate of low aspect ratio is characterized well 
after the onset of motion, such that transient effects are not significant, and only 
centripetal and Coriolis accelerations are present. A stable leading-edge vortex is 
maintained over effective angles of attack from 30° to 75°, and at each angle of attack, 
its sectional structure at the midspan is relatively insensitive to Reynolds number over 
the range from 3,600 to 14,500. The structure of the leading-edge vortex is classified 
into basic regimes along the span of the plate and compared with the equivalent of the 
purely translating plate, which does not induce the foregoing flow structure. 
In addition, the three-dimensional flow structure on a rotating wing during the 
early stage of rotation is addressed, and compared with the structure during the late 
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stage. The flow structure during the early stage is associated with a highly-ordered 
system of stable leading-edge, root and tip vortices. Existence of a coherent tip vortex 
is associated with identifiable concentrations of vorticity oriented in the chordwise 
direction. Loss of the tip vortex at large angles is accompanied by loss of the 
chordwise-oriented vorticity due to eruption of the spanwise flow from the wing 
surface. The local scale and degree of vorticity concentration of the leading-edge 
vortex, as well as its proximity to the surface of the wing, are related to: regions of 
large spanwise velocity, concentrations of chordwise-oriented vorticity located along 
the span, and downwash along the wing. 
Investigation of the effect of aspect ratio at a high angle of rotation, corresponding 
to a steady-state lift plateau, shows that increasing aspect ratio results in degradation 
of the organized swirl of the leading-edge vortex. At large radial distances, separated 
layers from the leading-and trailing-edges indicate that the effects of rotation are no 
longer effective. Simultaneously, there is loss of an identifiable tip vortex; it is 
coherent only for the smallest aspect ratio. Despite these significant changes of the 
patterns of the leading-edge and tip vortex vortices, the structure of the root vortex 
remains the same with changes of aspect ratio.  
To complement the foregoing investigation of the flow structure on a rotating 
wing in still fluid, the flow patterns were characterized along a wing (rectangular flat 
plate) subjected to periodic flapping motion in presence of a uniform stream. Regions 
of spanwise flow exist along the wing surface; and depending on the location along 
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the span, the flow is either toward or away from the tip of the wing. The onset and 
development of large-scale, streamwise-oriented vortical structures occur at locations 
inboard of the tip of the wing, and they can attain values of circulation of the order of 
one-half the circulation of the tip vortex. Time-shifted images indicate that these 
streamwise vortical structures persist over a major share of the wing chord. Space–
time volume constructions define the form and duration of these structures, relative to 
the tip vortex.  
The flow structure generated by a flapping wing is fundamentally altered if the 
leading-edge has a sinusoidal shape. It is possible to attenuate both the positive and 
negative spanwise flows along the plate surface, as well as the onset and development 
of large-scale concentrations of positive and negative streamwise vorticities at inboard 
locations. These alterations of the inboard flow structure do not have a significant 
influence on the structure of the tip vortex. 
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CHAPTER 1 
INTRODUCTION 
1.1 MOTIVATION 
Development of bio-inspired vehicles that can be used for exploration and 
surveillance requires corresponding research advances. In recent decades, a wide 
range of investigations have provided insight into the flow structure and loading on 
wings undergoing motions that simulate insect flight.  
Reviews are provided by Maxworthy (1981), Sane (2003), Lehmann (2004), 
Wang (2005), Platzer et al. (2008) and Shyy et al. (2010). Unsteady motion of the 
wings, which is generally called flapping motion, generates the forces required to 
support the weight of the insect and to perform maneuvers such as upward flight in the 
forward direction, side turns, landing, and take off. Additionally, the low aspect ratio, 
high angle of attack and high flexibility of wings play crucial roles. The knowledge 
base of conventional aerodynamics, which is based on fixed wings of high aspect 
ratio, has proved to be insufficient (Ellington, 1984). Therefore new approaches, 
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including experimentation as the primary method, are employed to clarify the physics 
of unsteady separated flow associated with insect flight. 
The aim of this investigation is to characterize and understand experimentally the 
unsteady three-dimensional flow field generated by low aspect ratio flapping and 
rotating wings in absence of pitching at low Reynolds number. Summaries of previous 
related investigations are provided in the following. 
1.2 WING MOTION AND FLOW STRUCTURE 
Studies that account for the full complexity of the wing motion have involved 
combined rotation and pitching motions, and simplifications have employed unsteady 
and steady rotation in absence of pitching and linear translation. 
1.2.1 Combined Rotation and Pitching of Wing 
The major focus has been on combined rotational and pitching motions, i.e., 
flapping motion, which represents the hover mode of flight. During hover, the wing 
completes two half strokes (rotation) and two stroke reversals (pitching). Half strokes 
are the rotating phase of the motion and are called downstroke and upstroke. 
Downstroke is the motion of the wing from the rear part of the body to the front part 
with a relatively high angle of attack, and upstroke is the opposite. Between each 
stroke, stroke reversals occur; they involve pitching of the wing, so that a positive 
angle of attack exists for both the downstroke and upstroke.  
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Different approaches have been employed to characterize the flow patterns and 
loading during wing motion. Ellington (1984), Zanker (1990), Willmott et al. (1997), 
Thomas et al. (2004) and Bomphrey et al. (2005, 2006 and 2009) experimentally 
addressed wing motion of an actual insect. Ellington et al. (1996), van den Berg and 
Ellington (1997), Dickinson et al. (1999), Birch and Dickinson (2001 and 2003), Birch 
et al. (2004), Poelma et al. (2006), and Lu and Shen (2008) employed dynamically 
scaled models of wings in their experimental studies. Liu et al. (1998), Sun and Tang 
(2002), Wang et al. (2004), Aono et al. (2008), Tang et al. (2008), Kweon and Choi 
(2010), and Trizila et al. (2011) used computational approaches for simulated wings. 
Lentink and Dickinson (2009a, b) provide a theoretical, unifying approach for scaling 
the bio-fluid dynamics of wings, including the effects of translating, revolving, and 
flapping (pitching-translating) motions, and associated physical interpretations. 
Early studies of Maxworthy (1979), Nachtigall (1979), Ellington (1984), 
Spedding and Maxworthy (1986), Brodsky (1991), Sunada et al. (1993) and Dickinson 
and Götz (1993) showed the presence of a leading-edge vortex during the wing beat 
cycle. This vortex is produced by the separation of flow from the leading-edge of the 
wing and it is constantly fed by this separated flow. The low pressure region generated 
on the leeward side of the wing and increased circulation around the wing result in lift 
force augmentation. Ellington et al. (1996) showed that the leading-edge vortex 
persists during rotation phases starting at the wing root and grows in a conical spiral 
manner toward the tip of the wing; see Figure 1.1. At the tip, a tip vortex is formed 
and extends into the wake. 
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During rotation, a pressure gradient and flow exist along the wing in the spanwise 
direction. The experiments of Ellington et al. (1996) and van den Berg and Ellington 
(1997), as well as the computations of Liu et al. (1998) led to the observation that, at a 
Reynolds number on the order of 103, the leading-edge vortex is stabilized by strong 
spanwise flow and thereby vorticity transport along its core. Figure 1.2 shows the 
spanwise velocity magnitudes measured by tracking smoke visualization at various 
spanwise positions in the experiments of van den Berg and Ellington (1997). At lower 
Reynolds numbers in the range of 100–200, Birch and Dickinson (2001) did not 
observe pronounced spanwise flow along the core of the leading-edge vortex, but 
spanwise flow was present in the region downstream of the leading-edge vortex, over 
the rear two-thirds of the chord, Figure 1.3. They described the effect of the downwash 
flow due to the tip vortex and the wake vorticity, which tends to lower the effective 
angle of attack, and thereby restricts the growth and eventual shedding of the leading-
edge vortex. In subsequent studies, Birch et al. (2004) and Aono et al. (2008) 
addressed the weak and strong spanwise velocity along the leading-edge vortex core at 
Reynolds numbers of 102 and 103, respectively. The results computed by Aono et al. 
(2008) are shown in Figure 1.4.  
Birch and Dickinson (2003) employed quantitative imaging to characterize the 
sectional patterns of the leading-edge vortex, in conjunction with force measurements 
during the rotation-pitching cycle. Recently, Poelma et al. (2006) determined volume 
representations of vorticity, in relation to the associated forces, at various phases 
during the oscillation cycle.  
8 
 
1.2.2 Unsteady Rotation (No Pitching) of Wing 
Rotation phases, i.e. downstroke and upstroke, take up more than 75% of the wing 
beat cycle according to Ellington (1984). The wing accelerates during the startup to a 
maximum velocity at the middle of the rotation, which is followed by deceleration. 
Pitching of the wing during these phases is minimal. Ellington (1984) stated that the 
insect wing typically rotates about 2 to 5 chord lengths corresponding to 60° to 180°. 
A simplified rotational phase of the combined unsteady rotation-pitching motion 
of the wing can be achieved by maintaining the angle of attack at a constant value. 
Unsteady rotation, i.e., angular acceleration, inherently occurs during startup of the 
motion, and unsteady effects persist during the initial stages of steady rotational 
motion, which may follow the start-up process.  
For this case, Poelma et al. (2006) employed stereoscopic PIV to determine the 
three-dimensional flow structure, in conjunction with the force measurements, during 
the start-up and quasi-steady phases of a sweeping wing at Re = 256. The form of the 
flow structure during the initial start-up is shown in Figure 1.5. A stable leading-edge 
vortex was formed at an angle of attack of 50°, and spanwise flow was clearly evident 
behind (downstream of) the wing during the later stages of motion, in the range of 
quasi-steady lift generation.  
Ansari et al. (2009) experimentally addressed the flow structure of a rotating wing 
at chordwise and spanwise planes for various degrees of rotation, including the 
unsteady and steady phases. Their results show that the spanwise flow and the leading-
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edge vortex were generally similar for Reynolds numbers of 500 and 15,000 with 
slightly larger and less coherent vorticity for the latter. They also showed that the 
variation of the spanwise flow structure was small and took similar forms at different 
spanwise locations for smaller rotation angles. However when the rotation angle was 
increased, the spanwise velocity increased significantly for locations away from the 
midspan toward the tip of the wing. The peak magnitude of the spanwise velocity was 
about 75 to 85% of the wing tip velocity and was reached after 60° to 90° of rotation 
as shown in Figure 1.6.  
Kim and Gharib (2010) acquired quantitative volume representations of flow 
patterns along a flat plate both during the start-up process and shortly after attainment 
of constant angular velocity. Their images, given in Figure 1.7, showed a stable 
leading-edge vortex, along with pronounced spanwise flow, on chordwise-oriented 
planes, over the range of Reynolds number from 60 to 8,800.  
DeVoria et al. (2011) employed dye visualization to characterize the three-
dimensional flow structure on rotating plates started from rest at Reynolds numbers of 
the order of Re = 1,000; an objective was to determine the nature of vortex saturation 
(related to vortex formation number), aided by sectional imaging. Dye visualization 
revealed strong spanwise flow and attached leading- and trailing- edge vortices during 
the transient phase. They observed a coherent connected leading-edge vortex, tip 
vortex and trailing-edge vortex for an aspect ratio AR = 2 plate. However, the flow 
was less coherent with a Kelvin-Helmholtz instability in the shear layers for a larger 
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aspect ratio of AR = 4. Their dye images that compare the two aspect ratios are shown 
in Figure 1.8. 
For transient rotational motion of a flat plate, Jones and Babinsky (2011) describe 
generation of leading-edge vortices and their sequential shedding in relation to lift 
generation, with the value of Reynolds number extending over the range from 10,000 
to 60,000. Figure 1.9 shows vortex shedding at a relatively low angle of attack of 15° 
and an extreme Reynolds number Re = 60,000. 
Venkata and Jones (2012) qualitatively investigated the flow structure on rotating 
and pitching/rotating wings during transient and shortly after transient regimes using 
dye visualization. At a Reynolds number of Re = 5,000 and angle of attack of 45°, 
they observed that slower acceleration generated a larger leading-edge vortex during 
start-up, though shedding of the leading-edge vortex during the later stage of the 
constant velocity rotation was present for all values of acceleration that were 
investigated. Figure 1.10 shows a representative image from their dye visualization 
experiments.  
In an experimental investigation, Carr et al. (2012) considered the effect of aspect 
ratio on the unsteady and three-dimensional vortex structure of flat plates that rotates a 
total of 120° at 45° fixed angle of attack for a Reynolds number of Re = 5,000. For the 
smallest aspect ratio tested, AR = 2, the leading-edge vortex remained attached to the 
wing. However, when the aspect ratio was doubled to AR = 4, a breakdown in the tip 
region, followed by a fully separated flow, was observed. The spanwise velocity was 
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higher for the smaller aspect ratio wing and it was distributed within, near and aft of 
the leading-edge vortex for both aspect ratios. Iso-surfaces of helicity density, out-of-
plane vorticity and velocity during the development stage for both aspect ratios are 
shown in Figure 1.11. 
1.2.3 Steady Rotation (No Pitching) of Wing 
In the limiting case where the rotation of the wing or plate is steady, angular 
acceleration is clearly not present, but quasi-steady centripetal and Coriolis fluid 
accelerations occur, as described by Lentink and Dickinson (2009a); they are expected 
to influence the leading-edge vortex as well as the overall flow structure. Usherwod 
and Ellington (2002) employed force measurements and flow visualization for 
revolving actual and model wings in steady rotational motion, with variation of 
parameters such as leading-edge geometry, aspect ratio, twist and camber, over the 
Reynolds number range 8,000–26,000. Smoke visualization showed a spiral leading-
edge vortex at high angle of attack. Comparison of force data with the data of 
Willmott and Ellington (1997) for translating wings indicated significant differences 
of the lift-drag polars, apparently due to lack of a stable leading-edge vortex on the 
translating wing. 
Lentink and Dickinson (2009b) considered a wing in steady rotational motion. 
They employed air bubble visualization to illustrate a stable leading-edge vortex at 
angles of attack α = 36° and 45° for Re = 110 and 1,400. Moreover, they determined 
lift-drag polar plots over a range of Rossby number, for Reynolds numbers Re = 110, 
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1,400 and 14,000. They attributed the stability of the leading-edge vortex to the quasi-
steady centripetal and Coriolis accelerations at low Rossby number. Schematics of the 
leading-edge vortex structure with varying parameters are shown in Figure 1.12. 
Most recently, Wojcik and Buchholz (2012) used instantaneous images from 
particle image velocimetry of the flow along a rotating wing (plate) at a Reynolds 
number in the range of 4,000 to 16,000, to show the presence of vorticity generated 
from the surface of the leading-edge of the wing; it has a sign opposite to the inflow 
vorticity and is located beneath the leading-edge vortex of the rotating wing. Their 
vorticity transport analysis showed that spanwise vorticity flux was not a significant 
factor in determining stabilization of the leading-edge vortex, whereas the annihilation 
effect of the opposite-signed vorticity was the key factor. Figure 1.13 shows the nature 
of the instantaneous surface vorticity for various azimuthal locations.  
1.2.4 Translation 
A leading-edge vortex also forms during linear translation of a wing. Dickinson 
and Götz (1993) investigated the aerodynamic forces and qualitative flow structure for 
a wing of finite span rapidly accelerating from rest to a constant velocity at Reynolds 
numbers in the range 50 – 300. They showed that the leading-edge vortex formed and 
remained attached for the first two chord lengths of travel resulting in generation of a 
high lift force at angles of attack between α = 13.5° and 54°. In the later stages of the 
motion, while this initial leading-edge vortex was shed, an opposite vorticity was shed 
from the trailing-edge with a simultaneous decrease in lift force. A broad lift plateau 
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was observed between 2 and 7.5 chord lengths of travel. The lift and drag force plots 
from this particular study are shown in Figure 1.14. 
Comparison of translating and rotating wings in terms of force coefficients was 
performed by Dickinson et al. (1999). They rotated a model fruit fly wing 180° at a 
constant velocity, corresponding to a Reynolds number of Re = 136, for various angles 
of attack. Mean lift and drag coefficients were calculated after the transient effects 
decayed. Force coefficients for the translating wing were obtained from Dickinson and 
Götz (1993) at a comparable Reynolds number. The results are given in polar 
representation in Figure 1.15. The rotating wing generated slightly smaller and larger 
coefficients than transient and steady phases of the translating wing, respectively. 
They explained the discrepancy in the force coefficients between the steady translating 
and rotating wings with the difference in the flow patterns. The preserved leading-
edge vortex generated larger forces whereas the alternating pattern of the von Karman 
Street generated smaller forces.  
Kim and Gharib (2010) used Defocusing Digital Particle Image Velocimetry 
(DDPIV) technique to obtain and compare the time history of the three-dimensional 
flow structure for translating and rotating low-aspect-ratio wings at Reynolds numbers 
of Re = 60, 1,100 and 8,800. Figure 1.16 shows the streamwise growth of the leading-
edge vorticity in the central region of the span for the translating wing; it is eventually 
shed. They found that the spanwise flow was not strong enough to suppress this 
growth. However, for the rotating wing the spanwise flow was present in the wake 
region as well as in the leading-edge vortex.  
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Taira and Colonius (2009) studied computationally the three-dimensional flow 
structure on impulsively started wings at Re = 300 and 500. The effects of angle of 
attack, aspect ratio and planform geometry were investigated. They found that the 
aspect ratio and the angle of attack have the largest effect on the flow structure, though 
the wake vortex topologies were same during the initial phase of the motion across 
different aspect ratios and angles of attack, as indicated in Figure 1.17. They grouped 
the wake structure at large time into three major states, depending on the parameters 
selected: (i) steady state, (ii) periodic unsteady state or (iii) aperiodic unsteady state. 
An interesting result was that the peak in lift coefficient was detected after 1.7 chord 
lengths of translation regardless of the parameters selected.  
Lentink and Dickinson (2009a) focused on the rotational motion of a wing which 
is placed successively away from the rotation center and established an analogy 
between rotating and translating wings by using an actuator disk area model, which is 
illustrated in Figure 1.18. The velocity along the wing changes from a linear profile to 
a constant distribution as the wing is placed further away from the center of rotation, 
resulting in an increase in Rossby number, and thereby a decrease in the effects of 
quasi-steady Coriolis and centripetal accelerations. Rotating wings that are placed far 
away from the center of rotation, rotating wings with high aspect ratio and translating 
wings have either very large or infinite Rossby number, which is associated with 
leading-edge vortex shedding, as opposed to low aspect ratio rotating wings that can 
maintain an attached leading-edge vortex for longer times.  
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In a two dimensional computation, Chen et al. (2010) characterized the leading-
edge vortex growth and shedding for an accelerating plate, mainly at a reference 
Reynolds number of Re = 100 and angle of attack of α = 30°. In agreement with the 
quasi-steady theory of vortex shedding, they found that after the transient effects had 
decayed, the vortex shedding and consequent dynamics were determined primarily by 
the instantaneous velocity and not by the acceleration rate. Also, the vortex formation 
time was found to be a function of Reynolds number. 
1.3 UNRESOLVED ISSUES 
Consideration of the wide range of investigations described in the foregoing leads 
to definition of the following unresolved issues. 
Quantitative three-dimensional flow structure on finite span flapping wings. 
Early studies include investigation of the flow structure and loading on tethered 
insects. In the last decade, experiments were performed with model wings, however 
the majority of these experiments were qualitative. Due to the complex unsteady flow 
structure, computations are expensive, and therefore they have focused primarily on 
two dimensional simulations, ignoring three-dimensional effects. A deeper 
understanding of the physics associated with the complex three-dimensional flow 
structure at low Reynolds number can be obtained by using an advanced measurement 
technique such as particle image velocimetry (PIV). 
Three-dimensional flow structure on rotating wings. Previous studies of insect 
flight have focused mainly on hovering motion, which is simply a combination of 
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rotating and pitching motions of the wing. A number of mechanisms have been 
considered for the attainment of high lift forces during motion in the hover mode, 
involving the leading-edge vortex and wake capture. Investigation of the flow 
structure in the hover mode therefore requires simultaneous consideration of several 
parameters, as well as interaction of the wing with its wake. A significant 
improvement toward understanding this complex phenomenon could be achieved by 
decreasing the number of parameters and simplifying the motion. A common 
argument is that longer rotational motion (in absence of pitching), during which a 
stable leading-edge vortex is maintained, is of primary importance. Investigation of 
this part of the hover motion could provide important progress towards understanding 
the larger framework of the flow physics.  
Existence and stability/retention of the leading-edge vortex. Insects employ a 
leading-edge vortex to attain high lift coefficients during the hover maneuver, and 
thereby stay aloft. The conditions for existence and the quantitative structure of this 
vortex have remained unclarified, despite a wide range of previous investigations. 
Particularly important is a physical understanding of the mechanisms that keep the 
vortex attached to the leading-edge of the wing.  
Role of spanwise flow in determining the overall flow structure on rotating 
wings. Spanwise flow along the core of the leading-edge vortex is considered by some 
investigators to be a critical factor in maintaining its position at the leading edge. 
However, a number of studies have shown that there is no spanwise flow along the 
core; rather it occurs behind the leading-edge vortex. A detailed investigation, 
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including quantitative visualization of the spanwise flow, and its relation to the 
leading-edge vortex, is called for.  
Steady versus unsteady flow structure on rotating wings. Rotational motion is 
a simplification of the hover mode. The transient start-up and steady phases of this 
motion are expected to yield different types of flow structure, but little is understood 
of this distinction. Determination of the three-dimensional flow structure during the 
early stage of the motion and its development to a steady-state is required for a proper 
understanding of the flow physics. 
Flow structure due to forward flight with pure flapping motion. An important 
parameter used in biological flight is the advance ratio, which is the ratio of the 
distance travelled by the body to the distance travelled by the wing tip in the stroke 
plane during one stroke cycle. Despite the interest in the hover mode corresponding to 
zero or a very low value of advance ratio, our understanding of the flow structure and 
loading during the forward flapping flight with high advance ratios is limited. 
Effects of planform and kinematic parameters on flow structure. The effects 
of planform and kinematic parameters of the wing motion on the three-dimensional 
flow structure and the aerodynamic forces are not well documented in literature. Angle 
of attack, aspect ratio, rotation rate and Reynolds number are some of the parameters 
that require attention. 
Effect of leading-edge protuberances on flow structure during flapping 
motion. Passive control of the vortex structure and its stability has received almost no 
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attention. A promising approach involves geometrical alteration of the leading-edge of 
the wing. Humpback whales are known to have leading-edge protuberances to 
increase their maneuverability. Recent studies on two dimensional airfoils, stationary 
flipper model wings and delta wings with sinusoidal leading-edges indicate a 
substantial delay of stall at high angles of attack and enhanced performance. No 
previous work employs a sinusoidal leading-edge to control the flow structure on 
flapping wings.  
1.4 RESEARCH OBJECTIVES 
Taking into account the aforementioned unresolved issues, the overall aim of this 
investigation is to characterize and understand experimentally the unsteady three-
dimensional flow field generated by low aspect ratio flapping and rotating wings in 
absence of pitching. The physics of the flow will be quantitatively interpreted in terms 
of sectional patterns of velocity components, vorticity, vorticity flux and streamlines, 
in conjunction with volume images of phase-averaged patterns of velocity 
components, vorticity, vorticity flux, Q-criterion and streamlines.  
More specifically, the objectives of the present investigation are as follows: 
• Design and build an experimental facility that can perform simplified wing 
maneuvers and implement flow visualization techniques such as particle image 
velocimetry to quantify and understand the flow structure associated with flapping 
motion. 
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• Identify the flow structure during the unsteady start-up and the steady phases of 
rotation. Examine the development of the leading- and trailing-edge vortices 
during unsteady rotation while comparing them to the steady-state flow structure.  
• Study the effects of parameters such as effective angle of attack, rotation 
rate/Reynolds number, aspect ratio and wing planform on the structure and degree 
of retention of the leading-edge vortex.  
• Compare the flow structure on steady rotating and purely translating wings.  
• Gain an understanding of the physics of forward flapping flight at zero geometric 
angle of attack and, furthermore, provide a basis of comparison with the vortical 
structures observed in hovering motion. 
• Provide a basis of comparison of the flow structure due to straight and sinusoidal 
leading-edges during flapping motion of a wing.  
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Figure 1.1: Visualization of a model wing during the downstroke showing the leading-edge 
vorticity with red and blue smoke for: (a) early-downstroke (b) mid-downstroke and (c) late-
downstroke stages of the wing motion (Ellington et al., 1996). 
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Figure 1.2: Spanwise velocity (axial velocity) in the leading edge vortex versus the spanwise 
position r, normalized with the wing span, R. The mean spanwise velocity is 38.1 cm/s as 
compared to the mean velocity of the wing tip of 50 cm/s (van den Berg and Ellington, 1997).  
 
 
Figure 1.3: Line contours of spanwise velocity at approximately midspan superimposed on 
color contours of spanwise vorticity (Birch and Dickinson, 2001). 
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Figure 1.4: Comparison of spanwise flow structure and pressure gradient at mid-downstroke 
of (a) a model hawkmoth (Re = 6,000) and (b) a fruit fly (Re = 134) (Aono et al., 2008). 
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Figure 1.5: Iso-surfaces of the second invariant of the gradient tensor, which highlight the 
cores of vortical structures. False colors denote the contributions from clockwise (blue) and 
counterclockwise (red) vorticity oriented in the spanwise direction (Poelma et al., 2006). 
 
 
 
Figure 1.6: Normalized spanwise velocity with respect to wing tip speed at selected points on 
a vertical spanwise-oriented PIV plane located at the midchord of the wing: (a) Re = 500 and 
(b) Re = 15,000 (Ansari et al., 2009). 
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Figure 1.7: Flow structure on a rotating wing at Reynolds numbers of (a) Re = 8,800 and (b) 
Re = 60. Transparent green shows iso-surface of spanwise vorticity and blue shows iso-surface 
of streamwise vorticity. Contours of constant spanwise velocity are plotted at 60% of span 
(Kim and Gharib, 2010). 
 
 
 
Figure 1.8: Dye visualization of flow structure along rectangular plates of AR = 2 (left) and 4 
(right). Images are taken at wing rotation angles of 55° (top) and 65° (bottom). Reynolds 
number based on tip velocity is Re = 5,000 (DeVoria et al., 2011). 
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Figure 1.9: Time sequence of vortex shedding at a location of 75% span, measured from the 
wing root. Reynolds number Re = 60,000 and angle of attack 15° (Jones and Babinsky, 2011). 
 
 
 
Figure 1.10: Dye images of flow structure along a rotating wing at 45° of angle of attack and 
Reynolds number of Re = 5,000 for three acceleration rates, which increase from left to right. 
First and second row of images correspond to times when the wing has traveled approximately 
0.35 and 2.2 chord lengths, as determined at the 75% span location (Venkata and Jones, 2012). 
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Figure 1.11: Iso-surface of helicity (top), contours of constant out-of-plane vorticity (middle) 
and contours of constant out-of-plane velocity (bottom) for AR = 2 (left) and AR = 4 (right) 
rotating plates (Carr et al., 2012). 
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Figure 1.12: Schematics of flow structure as function of Reynolds number, Rossby number 
and dimensionless stroke amplitude (Lentink and Dickinson, 2009b). 
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Figure 1.13: Instantaneous flow structure for a plate of aspect ratio AR = 4 at a Reynolds 
number of Re = 8,000. Rotation angles are 90°, 180°, 235°, 270° and 320° respectively for 
images a, b, c, d and e (Wojcik and Buchholz, 2012). 
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Figure 1.14: Aerodynamic force coefficients for translating plate at Re =192 between -9° and 
+90° of angle of attack (Dickinson and Götz, 1993). 
 
 
 
Figure 1.15: Polar force coefficients for steady rotating (3-D steady), and transient (2-D 
transient) and steady translating (2-D steady) wings (Dickinson et al., 1999). 
30 
 
 
 
 
 
 
Figure 1.16: Time history of three-dimensional vortex structure on translating (i) and rotating 
(ii) wings at Re = 1,100 (Kim and Gharib, 2010). 
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Figure 1.17: Time history of flow structure on translating plates with aspect ratios of AR = 1, 
2 and 4 at an angle of attack of 30° and Re = 300. Iso-surface of ||ω||2 = 3 is shown in light 
grey, and vortex cores are highlighted by iso-surface of Q = 3 in dark grey (Taira and 
Colonius, 2009).  
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Figure 1.18: Actuator disk area model for a rotating wing (Lentink and Dickinson, 2009a). 
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CHAPTER 2 
EXPERIMENTAL SYSTEMS AND TECHNIQUES 
2.1 WATER CHANNEL SYSTEM 
Experiments were conducted in a custom-designed, large-scale, low-turbulence 
water channel in the Fluid Mechanics Laboratory at Lehigh University. Figure 2.1 is a 
schematic of the channel system. The test section is 927 mm wide, 610 mm deep and 
4,877 mm long. In order to maintain the turbulent intensity at a value below 0.5%, 
extensive conditioning of the upstream flow involved use of a honeycomb system, 
followed by an arrangement of five sequential screens, located upstream of  a 2:1 
contraction. The optically transparent walls of the test-section are made of Plexiglas. 
Linear variation of the free-stream velocity in the test section is obtained by 
controlling the speed of the axial flow pump. PIV experiments were performed to 
generate the calibration curve of flow speed in the test section. Figure 2.2 shows a 
calibration performed at a water temperature of 23°C. 
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2.2 MOTION SYSTEM  
2.2.1 Experimental Rig 
Figure 2.3 shows a typical motion control system used in the experiments.  The 
configuration of the system was changed according to the needs of each experiment. A 
detailed description of each modified version is given in the Experimental Systems 
and Techniques section at the beginning of each subsequent chapter.  
A dual-shaft, high resolution stepper motor with a quadrature encoder is 
employed to generate rotational motion. This motion is transferred to the wing through 
a belt and pulley system. Possible vibration due to incremental motion of the stepper 
motor is prevented by using a damper attached to the shaft of the stepper motor. 
Resolution of the motion is controlled by a micro-stepper drive and the arrangement of 
the pulley size. The wing is connected to the horizontal support and is located at mid-
height of the water depth. Detailed description of the type of connection used for the 
wing attachment is given in each chapter. The angle of attack of the wing is manually 
adjusted before each experiment. The wing and motor system is mounted on a traverse 
mechanism, which is driven by a stepper motor-controller. The orientation of the 
traverse mechanism is changed to give either transverse or streamwise displacement. 
Black spray paint is used on the system components in order to minimize the 
reflection associated with laser illumination. 
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2.2.2 Control System 
The control system includes a Parker A series micro-stepper drive, a National 
Instruments P70530 micro-stepper drive, a National Instruments PCI-7344 4-axis 
motion-control-board and a National Instruments UMI-7764 indexer box. Specific 
motion files are generated externally and are imported to LabVIEW Motion Assistant. 
Motion Assistant generates motion profiles in a discrete time step format. The 
commands are then sent to the indexer, which converts them into electric signals. 
These signals are transferred to the micro-stepper drive, then to the stepping motor.  
The encoder reading is tracked to generate a 5V TTL trigger signal for the PIV 
system. When a specific step or angle is reached, a signal is generated to trigger the 
synchronizer of the PIV system and image acquisition starts. This process enables 
acquisition of images at a specified phase of the motion, so that phase averaging can 
be employed. 
2.2.3 Motion Kinematics 
Linear Rotational Motion. The first type of motion considered in the present 
research is a ramp-like rotational motion. For this motion, shown in Figure 2.4a, the 
wing is accelerated from rest to a constant angular velocity, which is maintained until 
deceleration to rest at a constant geometric angle of attack. Smoothing is applied at the 
beginning and the end of the motion to avoid transient effects and possible vibration. 
The formulation used for the maneuver and the smoothing is adapted from Eldredge et 
al. (2009). 
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where a is a free parameter defining the degree of smoothing, U∞ is the free-stream 
velocity, C is the chord length, and the times t1 through t4 are defined as: 
t1 = time until the start of the ramp-up motion without smoothing.  
t2 = total time until the end of the ramp-up motion without smoothing.  
t3 = total time until the start of the ramp-down motion without smoothing.  
t4 = total time until the end of the ramp-down motion without smoothing.  
By using the function G(t), the maximum of G(t) in the given time range and the 
maximum azimuthal rotation angle ϕmax, it is possible to define the functional form of 
instantaneous azimuthal rotation angle ϕ(t). 
𝜙(𝑡) =  𝜙𝑚𝑎𝑥 𝐺(𝑡)max (𝐺(𝑡))                                       (2.2) 
Comprehensive information on the parameters selected for this type of motion 
and related quantities will be provided in Chapters 3, 4, 5 and 6. 
Periodic Flapping Motion. This type of motion is simple periodic rotation of the 
wing about a specific axis with constant geometric angle of attack. The motion 
involved two basic forms: triangular motion (a succession of positive and negative 
ramps) and sinusoidal motion, as indicated in the schematics of Figures 2.4b and c, 
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respectively. For the triangular motion, zero acceleration occurs, except at the corners. 
Specific details of these types of motions are given in Chapters 6 and 7. 
2.3 WING PLANFORMS 
Figure 2.5 shows schematics of the plan views of the wing planforms used in this 
study. The majority of the experiments were performed with a rectangular flat plate 
with a straight leading-edge, Figure 2.5a. The size of the plate is adjusted in accord 
with the experimental goals and is provided in each chapter. Rectangular plates are 
used in Chapters 3, 4, 5, 6 and 7.  
A sinusoidal leading-edge of the rectangular plate was employed, in order to 
control the flow structure. The sinusoidal patterns had various dimensionless 
wavelengths λ/C and amplitudes A/C, and were cut in a water jet facility at Lehigh 
University. An example of this type of wing, used in the experiments associated with 
Chapter 7, is shown in Figure 2.5b.  
A fruit fly wing planform is also used in order to compare the flow structure with 
that generated by rectangular plates. Figure 2.5c shows the plan view of a schematic of 
the fly wing which is also machined by a water jet cutting technique. Dimensional 
details will be provided in Chapter 5.  
All plates are made of Plexiglas, in order to allow laser illumination of both sides 
of the wing. The edges of the plates were sharp; however, in some specific cases 
rounding was applied to the tips of the plates. The thickness of the plates was varied to 
38 
 
avoid deflection during maneuvers. The possibility of plate deflection was 
continuously monitored using raw PIV image files by tracking the line of intersection 
of the laser sheet with the plate boundary. For all cases considered, deflection was not 
detectable within the uncertainty of the imaging technique. 
2.4 FLOW VISUALIZATION TECHNIQUES 
The flow structure associated with aforementioned motion kinematics and wing 
planforms has been interpreted both qualitatively and quantitatively. Dye marker 
visualization for qualitative imaging and the particle image velocimetry technique 
(PIV) for quantitative imaging are discussed in this section. 
2.4.1 Dye Marker Visualization 
Dye visualization was used to gain an overall understanding of the flow structure, 
and to reveal the main characteristics of the flow field evolution. Its quick 
implementation allowed identification of the most critical parameters, which were 
used in quantitative measurements.  
Dye was composed of a mixture of 35% food coloring and 65% water. It was 
gravity-fed from a single plastic tube to the wing surface, then through multiple 
channels within the wing. A valve was implemented in order to control the flow rate. 
Dye ports had 1 mm diameter holes on the leeward side of the wing at various 
spanwise locations. Side and plan views of the visualized pattern of the flow were 
recorded simultaneously using two CCD (charge-coupled device) cameras. 
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2.4.2 Particle Image Velocimetry (PIV) 
Particle image velocimetry (PIV) is a non-intrusive whole-field velocity 
measurement technique. Tracer particles, flow medium (air or water), laser, camera, 
synchronizer, frame grabber and a computer are essential components of a typical PIV 
system. In this method, a planar field of interest that is seeded with tracer particles is 
illuminated continuously with two short-duration laser-sheet pulses generated by a 
dual-pulsed laser system. The illuminated flow field is captured by a CCD camera 
oriented perpendicular to the laser sheet and stored on individual frames. These frames 
are divided into many grids, also known as interrogation windows. A frame-to-frame 
cross-correlation technique is applied within each interrogation window between the 
two frames. This process yields the effective particle displacement at each grid point. 
Displacements can then be divided by the time delay between two pulses to generate 
the velocity vectors. As a result, a sequence of instantaneous velocity fields over a two 
dimensional area of interest is generated to calculate fluid dynamic quantities such as 
vorticity, streamline topology and circulation.  
PIV is a powerful technique for quantitate visualization of the complex flows such 
as unsteady separated flows. It has been used effectively in both air and water flow 
since its inception by Adrian (1984). Adrian (1991), Willert and Gharib (1991), 
Westerweel (1993, 1997), Grant (1997), Raffel et al. (2007), and Adrian and 
Westerweel (2011) provide comprehensive reviews and details of the PIV technique. 
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2.4.3 PIV System and Components 
Figure 2.6 show an overview of the experimental setup used for acquisition of 
two-dimensional velocity fields. In order to employ PIV, the water was seeded with 
12-μm-diameter metallic coated hollow plastic spheres such that a minimum of 10-15 
particle images were maintained within the interrogation window of 32x32 pixels2. 
When the interrogation window size was increased to 64x64 pixels2, 60-80 particle 
images were maintained.  
The field of view was illuminated by a dual-pulsed Litron Nano-L Nd:Yag laser 
operating at 50 mJ with a frequency of 14.29 Hz. The laser was located under the 
channel system and mounted on a traverse-slider system. By using an array of 
spherical and cylindrical lenses, the laser beam was converted to a laser sheet which 
had a thickness of 1 to 2 mm in the field of view. The orientation of the laser sheet 
was adjusted according to the aim of the experiments. Figure 2.6a shows the two laser 
sheet orientations in the plan view: 'laser sheet 1' corresponding to chordwise 
orientation and 'laser sheet 2' representing spanwise orientation. The chordwise 
orientation of the laser sheet is also shown in the side-view image of the experimental 
system in Figure 2.6b. Accurate positioning of the laser sheet relative to the wing was 
obtained via the traverse system described in Section 2.2.1.  
Images were acquired with a TSI PowerView 2M Plus camera having a CCD 
array resolution of 1,600 x 1,200 pixel2. The image acquisition rate was 14.29 Hz. TSI 
Insight 3G software was used in the processing phase of the acquired images. The 
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magnification and total number of velocity vectors in the field of view depend on the 
particular experiment, and values are indicated in each chapter.  
The Hart correlation (1998a, 1998b, 2000a and 2000b) was employed in all steps 
of image processing. It is a super-resolution PIV algorithm which has efficient 
evaluation with resolution enhancement, as well as a degree of error correction. 
Compared to the Fast Fourier Transform (FFT), it has higher correlation speeds and 
lower memory requirements. The Hart correlation uses the image intensity function 
directly in the cross-correlation analysis. Based on a selected intensity threshold, it is 
possible to compress each spot image by a factor γ, to allow processing the algorithm 
with a minimum amount of image information for a specific resolution of the image 
evaluation. Thus, the regions that have low intensity below a selected threshold value 
will be considered as background noise and set to zero, and only a small number of 
pixels representing tracer particles will be considered as signals. This helps to 
significantly reduce the necessary size of the data when determining the particle 
displacement. In the present investigation, the Hart correlation coefficient γ was set to 
0.8 which means only 20% percent of the spot pixels that are more significant are used 
in correlation. 
2.4.4 Stereoscopic Particle Image Velocimetry (SPIV) 
The flow along rotating and flapping wings is highly three-dimensional. The out-
of-plane component of the velocity vector is expected to be on the same order as the 
in-plane components, especially in the region of the leading-edge vortex described in 
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Chapter 1. In such regions, the PIV technique will yield significant perspective error 
because one important criterion used in two-dimensional PIV is to keep the out-of 
plane displacements less than one-quarter of the laser sheet thickness. In order to 
avoid the aforementioned problem, a technique of stereoscopic particle image 
velocimetry (SPIV) is introduced. This technique provides a sequence of instantaneous 
three-dimensional velocity fields on two-dimensional measurement planes.  
The difference between SPIV and PIV is the introduction of the second camera 
during image acquisition. Two simultaneous particle images over the same area of 
interest are captured from different perspectives and recorded by two identical CCD 
array cameras. Each camera captures a pair of single-exposed frames. A frame-to-
frame cross-correlation is performed individually, resulting in two-dimensional 
velocity data. The displacements from each image plane are mapped to the object 
plane by using calibration images acquired from a calibration plate and combined, in 
order to obtain the three-dimensional velocity data.  
Detailed reviews of the SPIV technique are given by Prasad and Adrian (1993), 
Prasad and Jensen (1995), Raffel et al. (2007), Prasad (2000), and Adrian and 
Westerweel (2011). 
2.4.5 SPIV System and Components 
Plan and isometric views of the SPIV system used in the generation of the volume 
plots are shown in Figure 2.7. The setup was essentially similar to the one shown in 
Figure 2.6 with the main exception of two identical cameras. TSI SPIV camera mounts 
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are used to accurately rotate the camera body and tilt it with respect to the lens for 
Scheimpflug angle satisfaction. In order to minimize the radial distortion associated 
with larger off-axis lens angles, a thin-walled liquid prism filled with distilled water 
was implemented. The traverse is oriented in the transverse direction and it was used 
to change the location of the wing with respect to the laser sheet as described earlier.  
The schematic of Figure 2.8 shows a plan view of the SPIV system with related 
parameters. For better optical accessibility, an asymmetric camera configuration was 
employed. Camera A is located orthogonally to the field of interest with the object, 
lens and image planes being parallel to each other. A schematic of the view of Camera 
A is given in the inset of Figure 2.8. Due to the direction of the wing motion, the 
leading-edge vortex occurs below the wing surface. Therefore, Camera B is at the 
indicated location in order to prevent blockage of the view of the wing surface. A 
liquid prism is used to reduce the effects of radial distortions due to the mismatch of 
refractive indices of air and water. The lens angle of Camera B is set to approximately 
θ = 45° and the Scheimpflug condition (Horenstein, 1977; Prasad and Jensen, 1995) is 
satisfied by rotating the image plane with respect to the lens plane.  
The theoretical study of Lawson and Wu (1997) shows that for a symmetric 
configuration of a full stereoscopic viewing angle of 2θ = 45°, the ratio of the random 
error amplitude of the out-of-plane displacement to the in-plane displacement, er , is 
approximately 2.5, see Figure 2.9. Coudert et al. (2000) experimentally addressed the 
relative performance of symmetric and asymmetric stereoscopic camera 
configurations, and showed that asymmetric configurations are advantageous. 
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According to their experiments, as shown in Figure 2.10, the current camera 
configuration has an error ratio of er < 2. The errors associated with possible 
misalignment between the calibration target and the laser sheet were reduced by 
application of disparity mapping as described in Willert (1997) and Wieneke (2005). 
2.4.6 Post-Processing of Vector Data 
A three-step post-processing method was applied in all experiments. A median 
test was applied for vector validation and elimination of bad vectors in the field of 
view. It compares the difference between each velocity vector and its local median 
velocity with a given tolerance. The neighborhood size was selected to be a 3x3 
matrix, and the velocity tolerance was set to 2 pixels. The median test removed the 
vectors which fail the criterion.  
Deleted vector spaces were filled recursively by using the local mean of the 
velocity vectors in a 3x3 matrix. This process is completed in multiple passes starting 
with the holes that have the most valid neighbors, and then repeating with the second 
most valid neighbors and so on.  
The final step is smoothing or low pass filtering of the vector field. This process 
replaces every vector by its Gaussian-weighted mean of the neighbor vectors. Filter 
size or neighborhood size was selected as a 5x5 matrix and the smoothing parameter σ 
was taken as 0.8. Smoothing removes the noise associated with spatial frequencies 
corresponding to the grid spacing. 
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2.5 DATA REDUCTION 
Vorticity evaluation. For a steady, incompressible flow, the vorticity components 
are calculated as follows: 
ωx =  ∂w∂y − ∂v∂z                                                (2.3) 
ωy =  ∂u∂z − ∂w∂x                                                 (2.4)  
ωz =  ∂v∂x − ∂u∂y                                      (2.5) 
Circulation evaluation. Circulation of the flow field at a point is calculated 
based on stokes theorem.  
Γ =  ∮V�⃗  ∙  dl���⃗ =  ∬�∇ × V�⃗ � ∙  ds����⃗ = ∬  ω��⃗ ∙  ds����⃗                       (2.6) 
Q-criterion. Q represents the second invariant of the velocity gradient tensor. It is 
based on the definition of Hunt et al. (1988). The Q-criterion, from a physical 
standpoint, measures the relation between the rotation and the strain. It acquires a 
positive value when the rotational effects are dominant.  
  Q =  1
2
[||𝛀||E2 − ||𝐒||E2] = −12 ∂ui∂xj ∂uj∂xj                                   (2.7)  
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Figure 2.3: Overview of motion control system.  
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Figure 2.4: Overview of motion profiles: (a) linear motion; (b) periodic triangular motion; 
and (c) periodic sinusoidal motion. All motions can be employed for either the rotational or 
flapping mode. 
 
 
 
 
 
 
Figure 2.5: Overview of wing planforms: (a) rectangular plate with straight leading-edge; (b) 
rectangular plate with sinusoidal leading-edge; and (c) fruit fly wing. 
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Figure 2.6: Overview of PIV system for acquiring chordwise and spanwise images: (a) plan 
view; and (b) side view. 
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Figure 2.7: Overview of SPIV system for acquiring chordwise images: (a) plan view; and (b) 
isometric view. 
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Figure 2.8: Schematic of plan view of SPIV system. 
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Figure 2.9: Error-ratio plot of various symmetric camera configurations (Lawson and Wu, 
1997). 
 
 
 
Figure 2.10: Error-ratio plot of various symmetric and asymmetric camera configurations 
(Coudert et al., 2000). 
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CHAPTER 3 
FLOW STRUCTURE ON A ROTATING PLATE 
3.1 BACKGROUND 
In recent decades, a wide range of investigations have provided insight into the 
flow structure and loading on wings undergoing motions that simulate insect flight. 
Studies that account for the full complexity of the wing motion have involved 
combined rotation and pitching motions, and simplifications have employed unsteady 
and steady rotation in absence of pitching. In the limiting case where the rotation of 
the wing or plate is steady, angular acceleration is clearly not present, but quasi-steady 
centripetal and Coriolis fluid accelerations occur, as described by Lentink and 
Dickinson (2009a); they are expected to influence the leading-edge vortex as well as 
the overall flow structure. Usherwood and Ellington (2002) employed force 
measurements and flow visualization for revolving actual and model wings in steady 
rotational motion, with variation of parameters such as leading-edge geometry, aspect 
ratio, twist and camber, over the Reynolds number range 8,000 to 26,000. Smoke 
visualization showed a spiral leading-edge vortex at a high angle of attack. 
55 
 
Comparison of force data with data of Willmott and Ellington (1997) for translating 
wings indicated significant differences of the lift-drag polars, apparently due to lack of 
a stable leading-edge vortex on the translating wing.  
Most recently, Lentink and Dickinson (2009b) considered a wing in steady 
rotational motion. They employed air bubble visualization to illustrate a stable 
leading-edge vortex at angles of attack α = 36° and 45° for Re = 110 and 1,400. 
Moreover, they determined lift-drag polar plots over a range of Rossby number, for 
Reynolds numbers Re = 110, 1,400 and 14,000. They attributed the stability of the 
leading-edge vortex to the quasi-steady centripetal and Coriolis accelerations at low 
Rossby number. 
The present investigation focuses on the regime of steady-state flow structure on a 
rotating plate. Quantitative imaging provides: the structure and degree of retention of 
the leading-edge vortex from moderate to very high effective angle of attack over a 
range of Reynolds number; the regimes of the leading-edge vortex; the consequences 
of swirl centered at the root and at the tip of the plate, in relation to regions of high 
spanwise velocity; and comparison with the case of the plate undergoing purely 
translating motion. These features are characterized in terms of streamline topology, 
contours of constant magnitude of velocity components and velocity vectors, and 
vorticity. 
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3.2 EXPERIMENTAL SYSTEMS AND TECHNIQUES  
Experiments were performed in a free-surface water-channel with an overall test 
section length of 4,877 mm, a width of 927 mm, and a depth of 610 mm. The 
freestream velocity was maintained at zero for the present investigation.  
Figure 3.1a shows representations of the rotating wing system. A flat plate with 
sharp edges was used as the wing model. It had a chord C = 73.9 mm, span b = 73.9 
mm, and thickness t = 3 mm. The schematics show the plate, the connecting rod, and 
the axis of rotation. The connecting rod was inserted into a body of revolution having 
a radius of 12.7 mm. The gap between the surface of the body and the root of the plate 
was maintained at 25.4 mm, which corresponds to approximately one-third the span b 
of the plate. The distance from the center of rotation is represented by the radial 
coordinate r. The distances to the root of the plate, the radius of gyration, and the tip 
of the plate were, respectively, ro = 38.1 mm, rg = 75.1 mm, and rtip = 112 mm. These 
parameters correspond to a value of the Rossby number (Lentink and Dickinson, 
2009b) of Ro = rg/C = 1.02. 
Plan and side views of the experimental system are given in Figure 3.1b. These 
figures show the body of revolution driven by the motor control system located above 
the water channel, the cameras employed for viewing chordwise- and spanwise-
oriented planes, the 45° angled mirror used for spanwise-oriented planes, and the 
corresponding orientations of the laser sheet. Furthermore, the aforementioned rotating 
plate and connecting rod are indicated in relation to the body of revolution. The plate 
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was rotated about the axis of the body of revolution, which was parallel to the x axis, 
at three different angular velocities Ω defined in Figure 3.1a. The plate was 
accelerated from rest to a constant angular velocity, which was maintained until 
deceleration to rest at an angle of ϕmax = 300°. Smoothing was applied at the beginning 
and end of the motion to avoid transient effects and possible vibration (Eldredge et al., 
2009). Three different rotational velocities corresponded to total durations of the plate 
motion of 3.25, 4.89 and 9.04 s taking into account the smoothing phases. The 
velocity of the plate at the radius of gyration was Vrg = 49, 98, 196 mm/s and at the tip 
it was Vtip = 73, 147, 293 mm/s. These values correspond to Reynolds numbers based 
on the velocity at the radius of gyration of Rerg = 3,600, 7,200, 14,500 and based on 
tip velocity of Retip = 5,400, 10,800, 21,600. The effective angle of attack αeff of the 
plate is defined as the angle between the velocity vector of the plate motion and the 
angle of inclination of the plate. It was varied from αeff = 30° to 75°. Images were 
captured at a given angle ϕ of the plate rotation using a computer-controlled triggering 
system, which was connected to the image acquisition system; the values of ϕ are 
designated subsequently for each layout of images. The majority of the images shown 
herein are at ϕ = 270°, which corresponds to an angular position that is well after the 
transient effects of the flow development, and therefore represents the steady-state of 
the flow. The free-surface was monitored during all experiments, and it was found to 
remain quiescent, with undetectable disturbance or deflection during and after the 
motion of the plate. 
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Images corresponding to two-dimensional velocity fields were acquired by a 
particle image velocimetry (PIV) system, for fields of view that are oriented in the 
chordwise direction and in the spanwise direction. In order to employ PIV, the water 
was seeded with 12-μm-diameter metallic-coated hollow plastic spheres such that a 
minimum of 60 to 80 particle images were maintained within the interrogation 
window of 64 x 64 pixels2. The laser sheet was generated by a dual-pulsed YAG laser 
operating at 50 mJ with a frequency of 14.29 Hz. Images were acquired with a camera 
system having a CCD array resolution of 1600 x 1200 pixels2. Pairs of images were 
acquired at an effective magnification of 11.25 pixels/mm for chordwise-oriented 
images and 12.93 pixels/mm for spanwise-oriented images. A frame-to-frame cross-
correlation technique with 50% overlap of the interrogation windows was used to 
evaluate the patterns of particle images, which yielded 1,764 velocity vectors within 
the field of view. Individual image acquisition was repeated 10 times at an interval of 
270 seconds, and these images were averaged; averages of a smaller number of images 
were, however, observed to be sufficient, as justified subsequently. 
3.3 RESULTS AND DISCUSSION 
3.3.1 Instantaneous and Averaged Flow Structure 
Figures 3.2a and b show the instantaneous and averaged flow structure at the 
midspan of the rotating plate at an effective angle of attack αeff = 60°, for two extreme 
values of Reynolds number. These images were acquired at a large value of rotation 
angle ϕ = 270°, as defined in Figure 3.1a. In Figure 3.2a, the Reynolds number at the 
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radius of gyration of the plate is Rerg = 3,600 and at the tip of the plate, it is Retip = 
5,400. In Figure 3.2b, Rerg = 14,500 and Retip = 21,600. In each layout of images, the 
first column shows the streamline patterns, the second and third columns represent, 
respectively, contours of constant u/Vrg and v/Vrg velocity components, and the fourth 
column shows patterns of vorticity ωC/Vrg. Moreover, for both layouts of images in 
Figures 3.2a and b, the first (top) row of images represents instantaneous patterns, 
while the second through fourth rows of images correspond, respectively, to averages 
of three, five and ten images. In general, the essential features of the instantaneous 
images are not significantly modified by the averaging process. Furthermore, at each 
angle of attack the peak value of vorticity of the leading-edge vortex, for varying 
degrees of averaging, deviated less than four percent from the nominal values in 
Figures 3.2a and b. The circulation of the leading-edge vortex deviated less than two 
percent. Unless otherwise indicated, images shown henceforth represent an average of 
three instantaneous images. 
Unlike the leading-edge region, averaging has a significant effect in the vicinity 
of the trailing-edge. For both Figures 3.2a and b, the instantaneous images show 
detectable positive (red) and negative (blue) vorticity concentrations shed from 
trailing-edge. These patterns are not as evident in the averaged images. In general, a 
larger number of images are required to adequately represent the flow structure in this 
region of vortex shedding. The primary goal of this study is, however, on the structure 
of the leading-edge vortex. 
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3.3.2 Flow Structure as a Function of Angle of Rotation 
The emphasis of this investigation is on the steady-state flow structure following 
initial transient effects, and the focus of image acquisition is therefore on larger angles 
of rotation. Figure 3.3 shows the evolution of flow structure at the midspan as a 
function of rotation angle ϕ (defined in Figure 3.1a), where ϕ = 0° represents the onset 
of plate motion. In the first row of images, corresponding to ϕ = 45°, the pattern of 
streamlines indicates a stable leading-edge vortex and, in the lower right corner of the 
streamline pattern, a vortex having clockwise circulation is evident. It was shed from 
the trailing-edge at an earlier time, i.e., during the start-up process. Shedding of 
vorticity from the leading-edge at earlier times is, however, not evident in the 
streamline pattern. These features of the stable leading-edge vortex and the shed 
trailing-edge vortex are indicated in the patterns of horizontal velocity component 
u/Vrg, vertical velocity component v/Vrg, and the magnitude V/Vrg of the velocity 
vectors in the second through fourth images, as well as in the pattern of vorticity 
ωC/Vrg indicated in the fifth image. At ϕ = 90°, the streamline pattern as well as the 
patterns of u/Vrg, v/Vrg, and V/Vrg indicate the stable leading-edge vortex in absence of 
a large-scale shed vortex. Generally speaking, the cluster of vorticity at the leading-
edge as well as the corresponding patterns of velocity at ϕ = 90° have matured beyond 
their states shown for ϕ = 45° in the first row of images. At ϕ = 135°, this maturation 
process has further progressed. Very similar patterns are observed at ϕ = 270°, 
represented in the bottom row of images of Figure 3.3. Therefore, in subsequent 
figures, all images were acquired at ϕ = 270°. 
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Rotation angles ϕ = 45°, 90°, 135° and 270° correspond, respectively, to passage 
of 0.8, 1.6, 2.4, and 4.8 C of travel measured at the radius of gyration (rg) of the plate 
and 1.2, 2.4, 3.6 and 7.1 C of travel measured at its tip, where C is the plate chord. The 
circulation of the leading-edge vortex is Γ/(CVrg) = 1.09, 1.37, 1.47 and 1.55 
respectively for rotation angles ϕ = 45°, 90°, 135° and 270°. The evolution of the flow 
structure with rotation angle ϕ, shown in Figure 3.3, is in accord with the duration of 
the transient phase of lift on the model insect wings, measured by Birch et al. (2004) 
and computed by Luo and Sun (2005), and circulation calculations on a model insect 
wing by Poelma et al. (2006) and on a flat plate by Kim and Gharib (2010). These 
measurements and calculations show attainment of quasi-steady-state lift prior to, or 
upon, passage of 4 to 5 chords C of travel at the tip. 
3.3.3 Flow Structure as a Function of Angle of Attack and Reynolds Number 
Figures 3.4a through d show the flow structure at the midspan at four different 
effective angles of attack, αeff = 75°, 60°, 45° and 30°. At each angle of attack, three 
values of Reynolds number are shown. Reynolds numbers based on the velocity Vrg at 
the radius of gyration are Rerg = 3,600, 7,200, and 14,500; correspondingly, Reynolds 
numbers based on tip velocity are Retip = 5,400, 10,800, and 21,600. 
Figure 3.4a represents the highest effective angle of attack of αeff = 75°. The 
streamline patterns shown in the first (top) row of images indicate a strong similarity 
of the structure of the leading-edge vortex with variation of Reynolds number Rerg. 
The focus (center of swirl) of the streamline pattern is displaced substantially from the 
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tip of the leading-edge. Moreover, the direction of swirl is consistently towards the 
focus. This type of streamline topology defines a stable focus. Furthermore, in Figure 
3.4a, contours of constant magnitude of velocity components u/Vrg and v/Vrg are 
provided in the second and third rows of images, and contours of constant magnitude 
of V/Vrg of the velocity vector are given in the fourth row of images. Particularly 
remarkable are the large magnitudes of the horizontal and vertical velocity 
components u/Vrg and v/Vrg on the leeward (lower) side of the plate (second and third 
row of images); their peak values are larger than the velocity Vrg at the radius of 
gyration, i.e., u/Vrg = 1.66, 1.70, and 1.75 and v/Vrg = 1.97, 1.85, and 1.76 for 
successively higher values of Re. Similarly, the peak value of the magnitude V/Vrg of 
the velocity vectors is large, i.e., V/Vrg = 2.13, 2.07, and 2.08. These patterns therefore 
indicate that the stable leading-edge vortex at this high angle of attack is associated 
with a large magnitudes of velocity along the leeward (lower) surface of the plate, i.e., 
along the same surface of the plate where the leading-edge vortex forms. Most notable 
is the large magnitude of positive u/Vrg oriented orthogonal to the direction of plate 
motion. Finally, patterns of the stable leading-edge vortex, in terms of vorticity 
ωC/Vrg, which are given in the bottom row of images, show little variation with 
Reynolds number. At this high effective angle of attack, pronounced negative (blue) 
levels of vorticity are shed from the trailing-edge. Although these patterns of vorticity 
vary with Reynolds number, they are persistent in all cases.  
Figure 3.4b, which represents an effective angle of attack of αeff = 60°, shows 
streamline patterns, with a well-defined focus (center of swirl). Moreover, the form of 
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the streamline patterns is similar and the swirl is away from the focus for the range of 
parameters shown. Patterns in the second and third rows of Figure 3.4b correspond to 
contours of constant u/Vrg and v/Vrg. Levels of the velocity component u/Vrg, which is 
orthogonal to the direction of plate motion, are as high as u/Vrg = 1.67, and extend 
along the leeward side of the plate. On the other hand, high levels of v/Vrg are 
prevalent only near the leading-edge. The combined effect of these patterns, however, 
is shown in the fourth row of images, which indicate that large values of the 
magnitude V/Vrg of the velocity vectors occur along the chord of plate. Patterns of 
vorticity, indicated in the fourth row, show a more elongated form, relative to those at 
the higher effective angle of attack αeff = 75°. 
Figure 3.4c provides patterns for an effective angle of attack of αeff = 45°. The 
streamline patterns again indicate a stable leading-edge vortex, which can be 
compared with the patterns of ωC/Vrg. The patterns of u/Vrg, v/Vrg, and V/Vrg show 
smaller regions of large magnitudes in the region beneath the plate, relative to those at 
the higher effective angles of attack αeff = 75° and 60° shown in Figures 3.4a and b. 
Nevertheless, the magnitude of the velocity component u/Vrg, which is oriented 
orthogonal to the direction of plate motion, is as high as u/Vrg = 1.4 along the leeward 
side of the plate. Correspondingly, values of V/Vrg = 0.7-1.4 extend over this region. 
Figure 3.4d represents the lowest angle of attack, αeff = 30°. Both the streamline 
patterns and the patterns of vorticity, ωC/Vrg, indicate persistence of the stable 
leading-edge vortex observed at higher angles of attack, but the spatial extent of the 
region of high vorticity is relatively smaller. Furthermore, patterns of u/Vrg show 
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smaller magnitudes in the region of the plate, relative to the pattern at αeff = 45° shown 
in Figure 3.4c. Yet, relatively large values of u/Vrg = 1.1 are maintained along the 
leeward side of the plate. Regarding patterns of v/Vrg, larger values are confined to the 
immediate vicinity of the leading-edge. As a result, the patterns of V/Vrg show 
significantly reduced magnitude in the region below the plate, and values of V/Vrg = 
0.5- 1 persist along the entire chord of the leeward (lower) surface of the plate. 
Viewing together the image layouts shown in Figures 3.4a and b, corresponding 
to the highest effective angles of attack αeff = 75° and 60°, the magnitude of the 
velocity component u/Vrg, which is orthogonal to the direction of the plate motion, is 
relatively large along the leeward side of the plate, and the associated magnitudes 
V/Vrg of the velocity vectors are large as well. As the angle of attack is reduced to 
lower values in Figures 3.4c and d, that is, αeff = 45° and 30°, these high magnitudes 
are attenuated, yet remain substantial. Considering the streamline patterns and the 
contours of velocity magnitude together, it is evident that the large magnitude 
velocities that are present between the center of the leading-edge vortex and the 
trailing-edge of the plate, and oriented towards the leeward surface of the plate, are 
associated with existence of a stable leading-edge vortex.  
A further observation is that, with decreasing angle of attack αeff, represented in 
Figures 3.4a through d, the scale of the vorticity cluster at the leading-edge decreases. 
Values of circulation were calculated for this domain. These calculations yielded 
Γ/(CVrg) = 1.76, 1.56, 1.08 and 0.72 respectively for αeff = 75°, 60°, 45° and 30° at 
Rerg = 3,600. Corresponding values were 1.68, 1.47, 1.06 and 0.67 for Rerg = 7,200 
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and 1.60, 1.43, 1.03 and 0.64 for Rerg = 14,500. These values of dimensionless 
circulation indicate substantial decreases with decreasing effective angle of attack, but 
only mild variations with Reynolds number. More specifically, the circulation of the 
leading-edge vortex at the midspan is nearly proportional to the effective angle of 
attack; both change by a factor of 2.5 over the aforementioned range of αeff. 
3.3.4 Spanwise Variation of Flow Structure 
Figure 3.5a provides overviews of the spanwise structure of sectional cuts of 
spanwise-oriented vorticity at an effective angle of attack αeff = 60°. All three images 
correspond to the same spanwise patterns, viewed from three different orientations. 
Images are shown at 17 different planes across the span with a non-dimensional 
spacing (r-ro)/b = 1/16. Each plane is designated by a line, and letters A to R identify 
them. In order to show details of the leading-edge vortex, the spacing between planes 
is enlarged beyond its actual value. Consider the middle image, which represents a 
view toward the leeward (lower) surface of the plate. In the vicinity of the root of the 
plate, in particular planes designated as A, B, C, and D, the scale of the vorticity 
concentration at the leading-edge generally increases with distance from the root. 
Clusters of positive (red) vorticity, designated as A+, B+, C+ and D+ are evident near 
the trailing-edge. A complementary investigation completed in our laboratories 
confirms that these clusters originate from the nominally ωx vorticity formed from the 
edge of the wing root; this edge vortex is eventually reoriented such that it has an ωz 
component, hence the ωz clusters, or slices, A+, B+, C+, D+ in Figure 3.5a are due to 
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reorientation of the vortex formed from the root during the plate rotation. In addition 
to the positive (red) concentrations A+, B+, C+ and D+, which occur in the vicinity of 
the trailing-edge, smaller-scale negative (blue) concentrations are evident on these 
same planes, and are located at the trailing-edge. 
At larger radial distances from the root, on planes designated as E through J, the 
leading-edge vortex is stable, that is, there is no indication of previously shed positive 
(red) vorticity. (As will be shown subsequently, large magnitude spanwise flow occurs 
in this region; it is associated with spanwise vorticity flux.) The scale of the leading-
edge vortex in this region increases with increasing radial distance, to yield a spanwise 
conical form. As the tip of the plate is approached, however, the scale and form of the 
leading-edge vortex shown on planes K through N does not change significantly with 
radial distance. In this region, shedding of negative (blue) vorticity from the trailing-
edge is detectable, and becomes more pronounced at larger values of radius. In the 
immediate vicinity of the tip of the plate, the form of the stable leading-edge vortex is 
substantially distorted, and its scale is greatly reduced.  
In summary, the spanwise variation of the leading-edge vortex may be classified 
into four regions: (i) a near-root region, where the increase of scale of spanwise-
oriented vorticity of the leading-edge vortex has a conical form with increasing radial 
distance, and occurs in presence of the root vortex; (ii) a region that is sufficiently far 
from the root, where the leading-edge vortex is stable and its increase in scale with 
radial distance has a conical form; (iii) a region in the vicinity of the tip, where the 
leading-edge vortex remains stable, but shows only very mild changes in form with 
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radial distance; and (iv) a region close to the tip, where the stable leading-edge vortex 
is substantially distorted and reduced in scale, due to influence of the tip vortex. Views 
from different directions, shown at the lower left and upper right of Figure 3.5a 
indicate the generally conical nature of the leading-edge vortex, the reoriented root 
vortices that are evident at a location in the vicinity of the trailing-edge, and the 
shedding of vorticity of opposite sign from the trailing-edge in the near-root and near-
tip regions. 
Figure 3.5b shows images corresponding to selected planes of Figure 3.5a. 
Patterns of streamlines, contours of constant horizontal velocity component u/Vrg, 
vertical velocity component v/Vrg, and magnitude V/Vrg of velocity vectors are shown 
in the first through fourth columns, in comparison with the patterns of vorticity, given 
in the fifth column. At all spanwise locations, the streamline pattern indicates a 
leading-edge vortex, though the details of the topology differ. For the spanwise 
location closest to the root, (r-ro)/b = 1/16, a well-defined, swirl pattern of streamlines, 
oriented in the counter-clockwise direction, occurs in the vicinity of the trailing-edge; 
it is due to the positive (red) vorticity arising from reorientation of the vortex formed 
from the root of the wing, indicated in the corresponding pattern of vorticity. 
Moreover, a concentration of negative (blue) vorticity also occurs at the trailing-edge. 
As the tip of the plate is approached, corresponding to the bottom two images of 
Figure 3.5b at (r-ro)/b = 12/16 and 15/16, the streamline patterns also indicate 
existence of a vortical structure in the vicinity of the trailing-edge; in this case, it is 
associated with the negative (blue) region(s) of vorticity shed from the trailing-edge. 
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Between the foregoing root and tip regions, an intermediate region, represented by 
images at spanwise locations (r-ro)/b = 4/16 to 12/16, shows a stable leading-edge 
vortex. At these three spanwise locations, large magnitudes of the velocity component 
u/Vrg orthogonal to the direction of the plate motion persist. The patterns of magnitude 
V/Vrg of the velocity vectors, given in the fourth column, which are due to the 
combined effects of the patterns of u/Vrg and v/Vrg in the second and third columns, 
show relatively high positive (red) levels in the region beneath the plate at all 
spanwise locations except for the region of the root, (r-ro)/b = 1/16, where root vortex 
is present. 
Figure 3.5c provides further representations of the spanwise variation of the flow 
structure. All planes indicated in Figure 3.5a are included in this layout. Patterns of 
streamlines are superposed on patterns of magnitude V/Vrg of the velocity vectors, and 
each of these images is directly compared with the corresponding pattern of vorticity 
ωC/Vrg. For the four planes located closest to the root of the wing, at (r-ro)/b = 0 to 
3/16, a region of very high positive (red) V/Vrg does not exist immediately beneath, 
and along the chord of, the wing. The associated patterns of (red) vorticity represent, 
as described in the foregoing, the reoriented vortex formed from the root of the wing. 
Conversely, at all larger values of radial distance from the root, regions of large 
magnitude (red) V/Vrg exist immediately adjacent to the leeward side of the wing, up 
to a spanwise location corresponding to the tip of the wing. Over this entire region, 
shedding of the leading-edge vortex does not occur. This observation further indicates 
that there is a close relationship between the presence of this high magnitude (red) 
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velocity region, where the corresponding vectors are oriented towards the leeward 
surface of the wing, and the existence of a stable leading-edge vortex. 
3.3.5 Crossflow Patterns of Flow Structure 
The sectional patterns of the flow structure shown in the foregoing figures 
indicate persistence of a stable leading-edge vortex over a substantial share of the span 
of the plate, for a range of angle of attack. This stable vortex is accompanied by large 
magnitude velocity towards the leeward (bottom) surface of the plate, along which the 
leading-edge vortex forms. Further understanding of these sectional patterns involves 
consideration of planes aligned with the radial coordinate, i.e., orthogonal to the 
aforementioned sectional planes, as indicated in Figure 3.1a, and hereafter referred to 
as crossflow planes. 
Figure 3.6 provides, in the left column of images, streamline patterns on 
vertically- oriented crossflow planes. These streamline patterns are shown at various 
distances from the leading-edge of the plate, from x/C' = 0.1 to 0.9, where C' is the 
chord of the plate projected on the x axis. In the right column of images, contours of 
constant spanwise velocity w/Vrg are superposed on the streamline patterns.  
Consider the patterns in the left column of Figure 3.6. Large-scale swirl is 
associated with the root and tip regions of the wing. The red streamline is the dividing 
streamline between the root swirl and the tip swirl. At successively larger values of 
x/C' = 0.1 to 0.5, this dividing streamline moves towards the tip of the plate, which 
means that, on this plane of observation, the spanwise extent of the plate influenced by 
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root swirl progressively increases until, at x/C' = 0.5, it extends over 80% of the span 
of the plate. At larger values of x/C' = 0.7 and 0.9, the dividing streamline has moved 
further to the right and its identity is lost. These crossflow patterns indicate increasing 
prevalence of the root swirl with increasing distance of the crossflow plane from the 
leading-edge of the plate. At all values of x/C', the upward orientation of the 
streamlines associated with both root swirl and tip swirl is compatible with the 
orientations of the streamlines and the large magnitudes V/Vrg of the velocity vectors 
towards the leeward (bottom) surface of the plate, indicated in Figures 3.5b and c.  
In the right column of Figure 3.6, the contours of constant spanwise velocity 
w/Vrg at x/C' = 0.1 indicate, along the windward (upper) surface of the plate, spanwise 
flow (blue-green) toward the root with a velocity w of the order of one-half the 
velocity Vrg at the radius of gyration of the plate, i.e., w/Vrg = 0.5. Along the leeward 
(lower) surface of the plate, in the vicinity of the root, the contours indicate the onset 
of a region of large magnitude (red) spanwise velocity w larger than the velocity Vrg at 
the radius of gyration, i.e., w/Vrg = 1.25. At larger values of x/C', this large magnitude 
spanwise flow extends over a substantial portion of the span of the plate. On planes at 
x/C' = 0.2 through 0.5, the (red) region of large spanwise velocity w/Vrg = 1.5 to 1.75 
is primarily concentrated in the region immediately beneath the plate and it extends 
over a substantial share of the span. And at larger values of x/C', it broadens to include 
regions further from the surface of the plate.  
In short, both the root swirl and the tip swirl contribute to the flow pattern in 
crossflow planes oriented parallel to the velocity vector of the plate, with the root swirl 
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becoming increasingly dominant at larger chordwise locations along the plate. The 
upwash associated with the swirl is accompanied by spanwise velocity of large 
magnitude along the surface of the plate. These elements are associated with the stable 
leading-edge vortex. 
3.3.6 Comparison of Flow Structure on Rotating and Translating Plates 
In the foregoing sections, the flow structure on the rotating plate is characterized 
at a sufficiently long time after startup, such that transient effects do not have an 
influence. The equivalent representation of the plate undergoing purely translating 
motion was obtained from flow past a stationary plate, then transforming the reference 
frame of observation. The Reynolds number based on the velocity Vrg at the radius of 
gyration of the rotating plate (Rerg = 3,600) was maintained for the translating plate. 
Moreover, the effective angle of attack (αeff = 60°) is the same for both the translating 
and rotating plates.  
Figure 3.7a provides a comparison of the detailed flow structure at the midspan 
location for the rotating plate (first row) and the equivalent purely-translating plate 
(second row). The images shown therein represent an average of ten instantaneous 
images. The streamline patterns (first column) and contours of constant vorticity 
ωC/Vrg (fifth column) show substantial differences for the two types of motion. The 
stably-attached leading-edge vortex on the rotating plate is replaced by an elongated 
shear layer of distributed vorticity on the translating plate; the initial trajectory of this 
layer is nearly orthogonal to the surface of the plate. Moreover, the dominant vorticity 
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level in this separated layer is of the order of one-half the vorticity level in the stable 
leading-edge vortex on the rotating plate. Regarding the trailing-edge region of the 
translating plate, a well-defined vorticity layer of opposite sense is evident. In contrast, 
the layer from the trailing-edge of the rotating plate is at a substantially lower level 
and barely discernible. This is most likely due to the spanwise vorticity flux in this 
region; it is associated with the large magnitude spanwise velocity shown in Figure 
3.6. Kim and Gharib (2010) observed high values of spanwise vorticity flux in the 
vicinity of the midspan, which is consistent with the present observation.  
The second column of images of Figure 3.7a shows contours of constant 
magnitude of the velocity component u/Vrg. A region of large positive u/Vrg = 1.67, 
which represents the component orthogonal to the plate motion, extends along the 
leeward (lower) side of the rotating plate. In contrast, a region of negative (blue) u/Vrg, 
which has a magnitude u/Vrg = 0.3, exists along the leeward side of the translating 
plate. Furthermore, along the windward (upper) surface of the translating plate, a 
region of large positive u/Vrg occurs; it extends into the region of the trailing-edge. 
Regarding the contours of v/Vrg, which are compared in the third column of images, a 
region of large positive (red) magnitude occurs near the leading-edge of the rotating 
plate, due to existence of the leading-edge vortex. On the other hand, such large 
amplitudes are more distributed along the chord of the translating plate and extend into 
the wake region from the trailing-edge. The fourth column of images shows contours 
of constant velocity magnitude V/Vrg, that is, the resultant of u/Vrg and v/Vrg. The 
rotating plate has a large region of high V/Vrg along the bottom (leeward) surface of 
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the plate with magnitudes up to V/Vrg = 1.5. For the translating plate, the maximum 
magnitude of this region is V/Vrg = 1 to 1.25. The remarkable differences of the 
foregoing patterns of streamlines, patterns of velocity and vorticity for the rotating 
versus the translating plate indicate the global consequences of formation of the 
leading-edge vortex. That is, not only the pattern in the immediate vicinity of the 
leading-edge is altered, but the entire flow field undergoes a fundamental 
modification. 
Figure 3.7b shows a side view of stacked sectional cuts of patterns of spanwise 
vorticity for the rotating plate (left image) and the equivalent of the purely translating 
plate (right image). The image of the rotating plate is from Figure 3.5a. A total of 17 
sectional cuts, equally spaced along the span of the plate, are employed for both sets of 
images of Figure 3.7b. The spanwise locations of these cuts are defined in Figure 3.5a. 
For the case of the purely translating plate, the vorticity layers from the leading- and 
trailing-edges of the plate are remarkably coincident, except for one layer located at 
the tip of the plate. In other words, there is insignificant spanwise variation of the 
trajectory and form of the distributed vorticity layers from both edges of the 
translating plate, and, taken together, they are characteristic of a fully separated flow. 
On the other hand, the stacked cuts for the rotating plate indicate a stable leading-edge 
vortex, which has a conical form. 
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3.4 CONCLUSIONS 
The flow structure along a rotating plate has been characterized, with the aim of 
gaining insight into the effects of centripetal and Coriolis forces, in absence of 
rotational acceleration effects. Emphasis is therefore on large angles of rotation after 
the onset of plate rotation, such that the flow has attained a steady-state. 
A stable leading-edge vortex exists for values of effective angle of attack ranging 
from 30° to 75°. The Reynolds number based on velocity at the radius of gyration 
spans the range from 3,600 to 14,500, corresponding to Reynolds numbers based on 
the tip velocity of the plate from 5,400 to 21,600. The scale of the vorticity 
concentration of the leading-edge vortex, determined at the midspan of the plate, 
increases with increasing angle of attack. The dimensionless circulation of the leading-
edge vortex at the midspan is nearly proportional to the effective angle of attack; both 
change by a factor of 2.5 over the aforementioned range of αeff. At a given value of 
angle of attack, however, the scale and form of the leading-edge vortex is relatively 
insensitive to Reynolds number.  
At all values of effective angle of attack, a common feature is a high magnitude of 
the velocity vector field directed towards, and adjacent to, the leeward surface of the 
rotating plate. Most notably, the representative magnitude of the velocity component 
orthogonal to the direction of plate motion, in the region along the leeward surface of 
the plate, ranges from 1.1 to 1.75 the velocity of the plate at the radius of gyration. 
These extreme values correspond to the smallest and largest values of effective angle 
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of attack. Furthermore, the streamline pattern and its associated topology provide 
interpretation of the leading-edge vortex in conjunction with the flow pattern along the 
leeward surface of the plate. The focus (apparent center) of the leading-edge vortex is 
displaced from the leading-edge of the plate in the leeward direction  
The spanwise variation of the structure of the leading-edge vortex, represented in 
terms of sectional cuts of spanwise-oriented vorticity, leads to definition of four basic 
regimes as a function of radial distance along the plate. These regimes are based on 
spanwise distances over which: the scale and circulation of the leading-edge vortex 
show conical versus nonconical variations with radial distance; existence of a leading-
edge vortex in absence of, versus in presence of, the root vortex; and the occurrence 
versus nonoccurrence of pronounced shedding of opposite-signed vorticity 
concentrations from the trailing-edge. The variation of these patterns of vorticity along 
the span is interpreted with corresponding sectional patterns of streamline topology 
and representations of the velocity field along the leeward side of the plate.  
The foregoing representations of the flow structure are complemented by 
streamline topology in crossflow planes, that is, planes parallel to the leading-edge of 
the plate, and aligned with the velocity vector of the plate motion. These streamline 
patterns take the form of large-scale swirl patterns, one associated with the root and 
the other with the tip of the plate. At small chordwise distances, both the root and tip 
swirl contribute to the flow patterns along the leeward surface of the plate. At larger 
chordwise distances, however, the root swirl becomes increasingly predominant.  
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A further, important feature of the flow patterns in the crossflow planes is the 
occurrence of large magnitude crossflow velocity, principally in the region close to the 
leeward surface of the plate. This crossflow velocity can attain values as high as 1.75 
the velocity of the plate at its radius of gyration. 
Comparison of the flow structure on the rotating plate and the equivalent of a 
purely translating plate reveal that rotation induces global alterations, i.e., changes are 
not simply confined to the region of the leading-edge. For the translating plate, the 
patterns of vorticity from the leading- and trailing-edges are distributed. There is no 
tendency to form a stable leading-edge vortex at the leading-edge. Moreover, the 
vorticity level in the distributed layer from the leading-edge of the equivalent 
translating plate is significantly lower than the vorticity magnitude of the 
concentration formed at the leading-edge of the rotating plate. Conversely, the 
vorticity magnitude in the layer from the trailing-edge of the translating plate exceeds 
that from the rotating plate; for the latter, reorientation of spanwise vorticity 
apparently occurs due to spanwise flow. Moreover, patterns of the velocity component 
orthogonal to the plate motion, in the region along the leeward surface of the plate, 
have large positive and small negative values, respectively, for the rotating and 
translating plates. 
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Figure 3.1a: Schematics of rotating plate showing principal parameters and coordinates, as 
well as laser sheet orientations in the chordwise direction (top) and spanwise direction 
(bottom), for determination of sectional cuts of the flow structure. 
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Figure 3.1b: Plan- and side- view images of the experimental system including the motion 
system and the channel. 
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Figure 3.2a: Comparison of instantaneous and averaged images of the flow structure at an 
effective angle of attack αeff = 60° and a value of Reynolds number Rerg = 3,600 based on 
chord C of plate and velocity Vrg at radius of gyration. 
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Figure 3.2b: Comparison of instantaneous and averaged images of the flow structure at an 
effective angle of attack αeff = 60° and a value of Reynolds number Rerg = 14,500 based on 
chord C of plate and velocity Vrg at radius of gyration. 
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Figure 3.3: Images of flow structure as a function of rotation angle ϕ after onset of motion at 
an effective angle of attack αeff = 60° and Reynolds number Rerg = 3,600 based on chord C of 
plate and velocity Vrg at radius of gyration. 
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Figure 3.4a: Images of flow structure at an effective angle of attack αeff = 75° for three 
different values of Reynolds number Rerg based on chord C of plate and velocity Vrg at radius 
of gyration. 
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Figure 3.4b: Images of flow structure at an effective angle of attack αeff = 60° for three 
different values of Reynolds number Rerg based on chord C of plate and velocity Vrg at radius 
of gyration. 
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Figure 3.4c: Images of flow structure at an effective angle of attack αeff = 45° for three 
different values of Reynolds number Rerg based on chord C of plate and velocity Vrg at radius 
of gyration. 
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Figure 3.4d: Images of flow structure at an effective angle of attack αeff = 30° for three 
different values of Reynolds number Rerg based on chord C of plate and velocity Vrg at radius 
of gyration. 
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Figure 3.5a: Variation of sectional images of vorticity at successive locations along span of 
plate, as viewed from three different perspectives. Effective angle of attack αeff = 60° and 
Reynolds number Rerg = 3,600 based on chord C of plate and velocity Vrg at radius of gyration. 
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Figure 3.5b: Images of streamlines, in relation to velocity and vorticity contours, at selected 
locations along span of plate. Effective angle of attack αeff = 60° and Reynolds number Rerg = 
3,600 based on chord C of plate and velocity Vrg at radius of gyration. 
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Figure 3.5c: Streamline topology superposed on contours of constant magnitude of velocity 
vectors, compared with vorticity contours. Images are at locations along span of plate 
corresponding to sectional cuts of Figure 3.5a. Effective angle of attack αeff = 60° and 
Reynolds number Rerg = 3,600 based on chord C of plate and velocity Vrg at radius of gyration. 
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Figure 3.6: Patterns of streamlines on crossflow planes (left column), and streamlines 
superposed on contours of constant horizontal velocity component w/Vrg (right column). 
Planes are shown at locations extending from x/C' = 0.1 to 0.9. Effective angle of attack αeff = 
60° and Reynolds number Rerg = 3,600. 
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Figure 3.7a: Comparison of flow structure at midspan of a rotating (first row) and a purely-
translating plate (second row) in terms of streamline patterns, contours of constant velocity 
and contours of constant vorticity. Effective angle of attack is αeff = 60° and Reynolds number 
is Rerg = 3,600. 
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Figure 3.7b: Comparison of stacked sectional patterns of spanwise vorticity for a rotating 
plate (left image) and a purely-translating plate (right image). Effective angle of attack is αeff = 
60° and Reynolds number is Rerg = 3,600. 
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CHAPTER 4 
TRANSFORMATION OF THE FLOW STRUCTURE 
 ON A ROTATING WING 
4.1 BACKGROUND 
In recent decades, substantial advances have led to insight into the flow structure 
on rotating wings. Of specific interest herein are those investigations that explicitly 
address spanwise flow in relation to existence of a stable leading-edge vortex (LEV). 
Related studies include wings undergoing simultaneous rotation and pitching, and 
unsteady and steady rotation in absence of pitching. Qualitative smoke, bubble or dye 
visualization has been employed by Ellington et al. (1996), van den Berg and 
Ellington (1997), Willmott et al. (1997), Thomas et al. (2004), Lentink and Dickinson 
(2009b), and DeVoria et al. (2011). Sectional imaging involving either chordwise or 
spanwise planes, or a combination of them has been used by Birch and Dickinson 
(2001), Birch et al. (2004), Ansari et al. (2009), Jones et al. (2011), and Wojcik and 
Buchholz (2012). Volume imaging with interpretation of selected sections has been 
employed by Liu et al. (1998), Poelma et al. (2006), Lu and Shen (2008), Aono et al. 
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(2008), Kim and Gharib (2010), and Carr et al. (2012). These investigations have 
provided insightful contributions; detailed description of the range of advances is 
outlined in Chapter 1. Representative issues include the existence or nonexistence of 
spanwise flow in the leading-edge vortex, and pronounced spanwise flow behind the 
vortex, but not within it. 
The objectives of this part of the dissertation are to address unclarified issues that 
are central to the flow structure on a rotating wing during the early stage of rotation, in 
relation to the late stage of rotation corresponding to the steady-state. In particular, the 
aims are to characterize and interpret: the three-dimensional form of the leading-edge 
vortex along the span of the wing, in particular the degree of concentration and scale 
of sectional vorticity patterns and their deflection relative to the wing surface; 
variation of the spanwise velocity and its relation to spanwise vorticity flux along the 
wing in relation to sectional vorticity concentrations; volume representations that 
clarify the nature of the root-trailing-tip vortex system in relation to the leading-edge 
vortex, as well as the generation of vorticity oriented orthogonally to the spanwise 
direction, which alters the structure of the leading-edge vortex; and the effect of the 
downwash distribution along the wing on the leading-edge vortex. 
4.2 EXPERIMENTAL SYSTEMS AND TECHNIQUES 
Figure 4.1 shows an isometric view of the wing and related parameters. The color 
yellow represents the wing, which has an aspect ratio AR = 2.05, a chord C = 38.1 
mm, a span b = 78.1 mm and a thickness t = 2.8 mm. It is made from clear Plexiglas 
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and the edges are sharp, i.e., not rounded. The root of the wing is connected to the 
body of revolution by a rod with diameter 3.2 mm and length 26 mm; the rod is 
located at the mid-chord of the wing. The diameter of the body of revolution is 12.8 
mm and it is rotated in the direction shown in Figure 4.1 at an angular velocity of Ω = 
5.585 rad/s. The radial distance from the axis of rotation is represented by r. It has 
values of ro = 32.5 mm, rg = 71.5 mm and rtip = 110.6 mm at, respectively, the root of 
the wing, the radius of gyration of the wing, and the tip of the wing. 
A belt and pulley system connects the body of revolution to the stepper motor, 
which rests on a traverse mechanism located above the channel, as indicated in Figure 
2.7 in Chapter 2. Another stepper motor is employed, in order to accurately control the 
traverse mechanism, which translates the wing system in the transverse direction to the 
desired location in the channel. The rotational motion of the wing starts from rest at ϕ 
= 0° and ends at ϕmax = 320° in 1.5s. Smoothing is applied during acceleration and 
deceleration phases at the beginning and end of the motion in accord with the criteria 
of Eldredge et al. (2009). The freestream velocity is zero; therefore the Reynolds 
number is calculated based on the tangential velocity and the chord length of the wing. 
During rotation at constant velocity, the tangential velocity at the radius of gyration 
and at the tip are, respectively, Vrg = 399 mm/s and Vtip = 618 mm/s. Based on these 
values, the Reynolds number at the radius of gyration of the wing is Rerg = 15,150, and 
at the tip, it is Retip = 23,430. 
Figure 4.1, in particular the schematic on the right hand side, indicates the 
experimental orientation of the wing, looking toward its tip in the negative radial 
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direction. The effective angle of attack αeff is defined as the angle between the velocity 
vector of the wing and its angle of inclination. Three representative values of αeff 
employed in this investigation are αeff = 30°, 45° and 60°. Herein, the orientation of 
each experimentally acquired image is rotated to yield the image orientation as defined 
in the schematic at the bottom right corner of Figure 4.1. This orientation is most 
common in the literature. 
Quantitative flow visualization is performed by using the angular displacement 
Stereo Particle Image Velocimetry (SPIV) technique as described in Chapter 2. An 
asymmetric camera configuration is employed. Figure 4.2 shows the plan view of the 
water channel and the location of the cameras employed for image acquisition. 
Camera A is located orthogonally to the field of interest with object, lens and image 
planes being parallel to each other. A schematic of the view of Camera A is given in 
the inset of Figure 4.2. Due to the direction of the wing motion, the leading-edge 
vortex occurs below the wing surface. Therefore, Camera B is at the indicated 
location, in order to prevent blockage of the view of the wing surface. Perspective 
calibration is performed using a two-plane calibration target. A liquid prism is used to 
reduce the effects of radial distortions due to the mismatch of refractive indices of air 
and water. The lens angle of Camera B is set approximately to θ = 45° and the 
Scheimpflug condition was satisfied by rotating the image plane with respect to the 
lens plane.  
Metallic-coated hollow plastic spheres of 12μm-diameter are used for seeding the 
water, in order to provide 15 to 20 particle images in the interrogation window size of 
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32 x 32 pixels2. A 50mJ dual-pulse ND-YAG laser with 1 mm laser sheet thickness 
illuminated the seeding particles; it is operated at 14.29 Hz. Images are acquired using 
two identical cameras with an array size of 1600 x 1200 pixels2 thereby yielding an in-
plane resolution of 8.5 pixels/mm. Acquisition of images at a desired azimuthal angle 
of the plate of rotation is controlled by a computer-based system. The acquired images 
are evaluated using a cross-correlation technique with 50% overlap. The field of view 
of the images is 4.94C x 3.7C, yielding 5,335 velocity vectors. The final 3-D velocity 
components are calculated by employing a least square fit to the 2-D velocity vectors 
calculated from the images of the two cameras. This least-square solution generated an 
RMS residual pixel displacement error less than 0.2 pixels in the leading-edge region, 
and less than 0.1 pixels in the rest of the experimental field. 
The experiments herein are divided into two major groups. The first group of 
experiments involves investigation of the flow structure at the midspan for various 
rotation angles. The starting position of the wing is altered to investigate various 
angles along the total rotation of 320°. Imaging is performed at angles of rotation ϕ = 
9°, 18°, 27°, 36°, 45°, 90° and 270° , and for effective angles of attack of αeff = 30°, 
45° and 60°. This imaging at the midspan is complemented by imaging at two 
additional spanwise locations: (r-ro)/b = 0.065 (root region) and 0.0871 (tip region) for 
αeff = 45°. 
In the second group of experiments, three-dimensional volume images are 
constructed for rotation angles of ϕ = 36° and 270° at αeff = 45°. The traverse system 
moves the entire wing and motion setup in order to change the corresponding location 
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of the laser sheet along the span of the wing. Image acquisition is performed on 39 
planes extending from (r-ro)/b = -0.097 and to (r-ro)/b = 1.129, with a spacing of Δr/b 
= 0.032; b denotes the span of the wing. Volume images are then reconstructed using 
an approach similar to Yilmaz and Rockwell (2012) for the case of a wing in 
rectilinear motion. The spatial separation of the velocity data on the PIV imaging 
planes is 1.89 mm corresponding to a non-dimensional distance of Δx/b = Δy/b = 
0.024. The total number of velocity vectors in the volume is 208,065. The uncertainty 
of the volume construction method is determined by using a similar method described 
in Robinson and Rockwell (1993). Hill’s spherical vortex (Hill, 1984), with a diameter 
equal to the chord of the wing, is created in the same grid volume. The magnitudes of 
the velocity vectors at each grid point are calculated from the known theoretical 
equations. Then, planar slices with interpolated velocity data on arbitrary locations are 
extracted to compare with the theoretical results. This process yielded an RMS error of 
less than 2%. 
4.3 RESULTS AND DISCUSSION 
4.3.1 Spanwise Vorticity and Vorticity Flux as a Function of Rotation Angle at 
the Midspan 
In order to provide an overview of the structure of the leading-edge vortex as a 
function of angle of rotation of the wing, images were acquired at the midspan 
location for a range of rotation angle ϕ. Figure 4.3 shows excerpts from this image 
sequence. In the first two columns of Figure 4.3, lines of constant vorticity are 
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superposed on contours of constant root to tip velocity w/Vrg at the midspan location 
(r-ro)/b = 0.5 for effective angles of attack αeff = 45° and 60° and azimuthal angles of 
rotation ϕ = 36°, 45°, 90° and 270°. After the onset of motion, for relatively small 
values of ϕ (not shown), significant levels of w/Vrg are not detectable, but by ϕ = 36°, 
the magnitude has substantially increased, such that the large (dark red) magnitudes of 
w/Vrg lie within the lines of constant vorticity at both values of αeff. At larger values of 
ϕ, however, the patterns of w/Vrg become intensified at ϕ = 45°, then show a 
fundamental shift away from the leading-edge vorticity lines towards the trailing-edge 
of the wing at ϕ = 90° and 270°. In fact, the patterns at these largest values of ϕ are 
very similar, suggesting that an asymptotic state is attained. This state is characterized 
by very large magnitudes of w/Vrg, greater than 0.4, extending from the downstream 
half of the wing to well into the wake region. Remarkable is the existence of an 
interface between the downstream edge of the lowest level vorticity line and the onset 
of large magnitude of spanwise velocity w/Vrg. That is, severe spanwise flow occurs 
immediately adjacent to the sectional pattern of vorticity. Moreover, this pattern of the 
spanwise velocity field w/Vrg is associated with cessation of vortex shedding from the 
trailing-edge of the plate at both values of effective angle of attack αeff.  
The third and fourth columns of Figure 4.3 show corresponding patterns of 
spanwise vorticity flux, ωzwC/Vrg2, at ϕ = 36° through 270°. (Significant levels, at the 
same locations within the vorticity lines as at 36° and 45°, are detectable at 18° and 
27°, but not shown herein.) At ϕ = 36° and 45°, relatively large values of negative 
(red) spanwise vorticity flux are evident within the vorticity lines of the leading-edge 
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vortex at both values of angle of attack αeff = 45° and 60°. In addition, positive (blue) 
vorticity flux occurs within the shed vortex at the higher angle of attack αeff = 60°. For 
both values of αeff, the sectional pattern of leading-edge vorticity has generally similar 
form: it is compact, confined to the immediate region of the leading-edge, and close to 
the surface of wing. At larger values of rotation angle ϕ = 90° and 270°, for both 
angles of attack αeff = 45° and 60°, there is progressive loss of negative red spanwise 
vorticity flux within the vorticity lines and, at the largest value of azimuthal angle ϕ = 
270°, onset of positive vorticity flux at the center of the contours. This process is 
accompanied by elongation of the vorticity lines towards the trailing-edge of the wing 
and, furthermore, deflection away from the surface of the wing. 
4.3.2 Three-dimensional Streamline Patterns 
Figures 4.4 shows plan views of the streamline patterns on the rotating wing at 
two values of angle of rotation, ϕ = 36° (left column) and 270° (right column), 
selected from a range of ϕ based on preliminary experiments. These values correspond 
respectively to passage of the wing (at its tip) through approximately 1.8 C and 13.7 
C, where C is the wing chord. At both values of ϕ, the wing rotates with constant 
angular velocity. Birch et al. (2004) and Poelma et al. (2006) used a model fruit fly 
wing with rtip = 250 mm and C = 100 mm, Luo and Sun (2005) used various model 
wings with values of rtip = 2.02 – 51.9 mm and C = 0.67 - 18.26 mm, and Kim and 
Gharib (2010) used a rectangular flat plate with rtip = 150 mm and C = 60 mm. These 
measurements and computations show that quasi-steady-state lift is attained prior to, 
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or upon, passage of 4 to 5 C of travel at the tip. Therefore, the limiting case of ϕ = 
270° corresponds to attainment of the lift plateau, that is, nearly constant lift 
coefficient with rotation angle ϕ, and thereby a steady-state condition.  
Two different streamline patterns are displayed for each rotation angle. The first 
row represents the inner region corresponding to the core of the vorticity patterns and 
the second row corresponds to the outer shell of these patterns. At ϕ = 36° in Figure 
4.4a, a well-defined leading-edge vortex is indicated by the swirl pattern of 
streamlines. In addition, swirl patterns occur at both the tip and root of the wing, 
indicating tip and root vortices. At ϕ = 270°, in Figure 4.4b, the swirl pattern of 
streamlines associated with the leading-edge vortex is well defined up to a location of 
approximately 60% span. A coherent tip vortex, of the type indicated at ϕ = 36°, is not 
evident. Rather, streamlines along the tip of the wing are oriented towards, and feed 
into the central portion, of the leading-edge vortex. At the root of the wing, a well-
defined swirl pattern still exists, but in the vicinity of the trailing-edge, it takes on a 
complex form involving reorientation of the axis of swirl. 
4.3.3 Iso-Surfaces of Orthogonal Vorticity Components 
Figures 4.5a, b, and c show respectively iso-surface representations of spanwise 
ωzC/Vrg, chordwise ωxC/Vrg and normal ωyC/Vrg vorticity components, formed by the 
surfaces of designated vorticity magnitude. As indicated in the image orientation of 
Figure 4.1, the coordinate x is defined parallel to the velocity vector Vrg of the plate at 
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the radius of gyration; coordinates y and z are normal to it, with z denoting the 
spanwise direction.  
In Figure 4.5a, the image of spanwise vorticity ωzC/Vrg at ϕ = 36° shows 
contributions from the leading-edge (negative-yellow) vortex, the tip (negative-
yellow) vortex and the shed (positive-blue) vortex system from the trailing-edge. At ϕ 
= 270°, at larger radial distances from the root, the identity of both the leading-edge 
vortex and the tip vortex are lost. A trailing-edge vortex system is apparent, but 
negative (yellow) and positive (blue) legs of ωzC/Vrg, located in the vicinity of the 
trailing-edge, are oriented in the vertical direction.  
In Figure 4.5b, iso-surfaces of negative (blue) and positive (yellow) ωxC/Vrg are 
evident along the leading-edge. Regarding the tip and root regions of the wing, iso-
surfaces of chordwise vorticity ωxC/Vrg at ϕ = 36° indicate that the scale of the tip 
vortex is substantially larger than the root vortex. Their size approaches the scale of 
the iso-surfaces of ωzC/Vrg shown in Figure 4.5a. At ϕ = 270°, the iso-surfaces of 
positive (yellow) ωxC/Vrg no longer exist along the leading-edge; the negative (blue) 
iso-surfaces persists over a portion of the leading-edge. Moreover, at the tip of the 
wing, a well-defined tip vortex no longer occurs, relative to tip vortex at ϕ = 36°. On 
the other hand, the scale of the root vortex at ϕ = 270° has increased relative to that at 
ϕ = 36°. In the vicinity of the trailing-edge, its axis is deflected such that it is nearly 
normal to the surface of the wing, in contrast with orientation of the axis of the root 
vortex at ϕ = 36°. 
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In Figure 4.5c, at ϕ = 36°, the iso-surfaces of ωyC/Vrg in the leading-edge region 
are similar to the ωxC/Vrg iso-surfaces of Figure 4.5b. These volumes are no longer 
present at ϕ = 270°. 
4.3.4 Sectional Cuts of Flow Structure: Spanwise-Oriented Planes 
Figures 4.6a and b provide a physical representation of the origin of the iso-
surfaces of ωxC/Vrg in the leading-edge region. Images corresponding to vertical cuts 
located at x/C' = 0.14, 0.29, 0.5, 0.71 and 1.14, where C' is the projection of the chord 
length onto the x axis. The images at the bottom of each layout in Figure 4.6 illustrates 
the sectional cut (at x/C' = 0.5) in relation to the three-dimensional iso-surfaces of 
ωxC/Vrg at ϕ = 36° and 270°. Chordwise-oriented vorticity concentrations ωxC/Vrg and 
contours of constant spanwise velocity w/Vrg are shown for each plane.  
In order to provide a unified description of the chordwise evolution of the flow 
patterns, they are first described at the mid-chord location x/C' = 0.5, corresponding to 
the bottom two rows of images in Figure 4.6a. 
In the image at ϕ = 36°, x/C' = 0.5, the negative (blue) tip and the positive-
(yellow-red) root vorticity concentrations ωxC/Vrg are designated with letters a and d, 
respectively. Between them, two concentrations are evident: the positive (red-yellow) 
concentration b due to eruption of the surface boundary layer; and the negative (blue) 
concentration c, formed in a manner described in Chapters 6 and 7 for a different 
mode of rotational motion of a wing. In the image at ϕ = 270°, x/C' = 0.5, the positive 
(red-yellow) concentration b is not present. The negative (blue) concentration c is 
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located between the root and midspan, and a less concentrated region of negative 
(blue) vorticity ωxC/Vrg extends along a substantial portion of the span to the tip 
vortex a.  
For the images at ϕ = 36° and x/C' = 0.5, the values of dimensionless circulation 
based on chordwise vorticity ωxC/Vrg within the negative (blue) tip a and positive 
(red-yellow) eruption b vortices are respectively Γx/(CVrg) = -0.45 and 0.63. The 
corresponding values for the negative (blue) concentrations c is -0.99, and for the 
positive (red) root concentration d, the value is 0.25. The vorticity concentrations b 
and c arising from the spanwise flow therefore have values of circulation the same 
order as the concentrations a and d associated with the tip and root vortices. 
The images of w/Vrg at x/C' = 0.5, for both ϕ = 36° and 270°, show the 
relationship between the patterns of spanwise velocity w/Vrg and chordwise-oriented 
vorticity ωxC/Vrg. Contours of constant w/Vrg are indicated in red-yellow color, which 
represents positively-oriented w/Vrg from the root to the tip of the wing; the peak 
magnitude of w/Vrg = 0.8. Superposed on these contours are black-line contours of 
constant chordwise vorticity ωxC/Vrg; they represent the vorticity levels of the color 
contours of ωxC/Vrg. The maximum values of vorticity ωxC/Vrg corresponding to the 
concentration(s) c are indicated by the black-line contours located at the outer (upper) 
edge of the red-yellow region of w/Vrg. This region has the form of a wall jet, i.e., the 
value of w/Vrg goes to zero at its outer edge. Regarding the vorticity concentration b at 
ϕ = 36°, it arises from eruption of red-yellow pattern of w/Vrg from the surface of the 
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wing; this eruption occurs at a location corresponding to the red-yellow vorticity 
concentration b.  
The basic features of the aforementioned flow patterns at the midspan x/C' = 0.5 
are generally detectable in the images corresponding to the upstream location x/C' = 
0.29 in Figure 4.6a. At the location x/C' equal 0.14, which is closest to the leading-
edge, certain of these features are discernible.  
Figure 4.6b shows the sectional flow patterns at larger chordwise distances. The 
images at x/C' = 0.71 exhibit a similar, but more developed form than the patterns that 
x/C' = 0.5. At x/C' = 1.14, which corresponds to a location immediately downstream of 
the trading-edge, only the negative (blue) tip a and positive (red) root d vorticity 
concentrations are evident at ϕ = 36°, and their respective values of circulation are 
Γx/(CVrg) = -1.06 and 0.41. At ϕ = 270°, on the other hand, only a coherent root vortex 
with a circulation of Γx/(CVrg) = 1.04 is evident. In the tip region, the negative (blue) 
vorticity is broadly distributed, and it is not possible to distinguish between the tip 
vortex (originally a) and the region of chordwise vorticity (originally c) associated 
with the spanwise flow. 
4.3.5 Iso-Surface Plots of Spanwise Velocity, Spanwise Vorticity Flux and Iso-Q 
As complements to the volumes of vorticity given in Figure 4.5, further 
interpretation of the flow structure involves the spanwise velocity w/Vrg, the spanwise 
vorticity flux wωzC/(Vrg2) and iso-Q-criterion QC2/(Vrg2), which are shown in Figures 
4.7a, b, and c.  
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Figure 4.7a shows (yellow) surfaces corresponding to positive (root to tip) 
spanwise velocity w/Vrg = 0.3. At ϕ = 36°, spanwise flow (from the root to the tip) 
exists in both the root and tip regions, and extends across the trailing corners of the 
wing. Another cluster is centered on the midspan of the wing, close to its leading-
edge; it corresponds to spanwise flow through the leading-edge vortex, evident by 
comparison with Figure 4.5a. Furthermore, a region of negative (tip to root, blue) 
w/Vrg occurs near the tip of the wing. At ϕ = 270°, however, the positive (yellow) 
w/Vrg extends along the entire span of the wing; it has a concave form. A region of 
negative (blue) w/Vrg occurs above the leading-edge of the wing, and extends from the 
midspan to tip.  
Figure 4.7b shows iso-surface plots of spanwise vorticity flux wωzC/(Vrg2). They 
are due to the combined effects of spanwise vorticity ωzC/Vrg of Figure 4.5a and 
spanwise velocity w/Vrg of Figure 4.7a. At ϕ = 36°, negative (yellow) spanwise 
vorticity flux occurs along the entire extent of the leading-edge vortex. Positive (blue) 
flux is associated with the tip and trailing-edge vortex system, which form a loop back 
to the root, where minimal flux occurs. At ϕ = 270°, negative (yellow) flux occurs 
between the root and approximately the midspan location, but positive blue flux 
dominates from the midspan to the tip. Furthermore, a well-defined loop of positive 
blue flux from the tip to the root of the wing is no longer apparent, as is the case at ϕ = 
36°. Rather, a vertical leg (tube) of positive (blue) flux occurs at the tip region and a 
leg of opposing, negative (yellow) flux at the root; the vertical extensions of these legs 
(tubes), and their possible relation to a loop, lie outside the field of view.  
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Iso-surfaces of QC2/(Vrg2) = 2 are shown in Figure 4.7c. The definition of Q is 
given in Chapter 2. These surfaces can be compared directly to the iso-surfaces of the 
vorticity-based representations of Figures 4.5, and Figure 4.7b, in order to determine 
the degree in which they reflect the overall, total swirl represented by the iso-Q 
surfaces. In Figure 4.7c, at ϕ = 36°, the leading-edge vortex and the root-trailing-tip 
vortex loop are well defined, and in accord with the image of vorticity flux at ϕ = 36° 
in Figure 4.7b. At ϕ = 270° in Figure 4.7c, the leading-edge vortex is well defined 
from the root to the midspan, but as the tip is approached, it is evident that the 
classical tip vortex has lost its identity and three vertically-oriented legs occur. At the 
root, the leg of the three-dimensional vortex is oriented vertically and inboard of the 
wing root. These iso-Q patterns therefore indicate that the loss of the coherent tip 
vortex at the large rotation angle ϕ = 270° is associated with the onset of significant 
spanwise velocity w/Vrg (compare Figure 4.7a, ϕ = 270°) located beneath and 
downstream of the surface of iso-Q. 
4.3.6 Sectional Cuts of Flow Structure: Chordwise-Oriented Planes 
A traditional representation of the flow structure on a rotating wing involves one 
or more chordwise (x-direction)-oriented planes that show patterns of spanwise-
oriented vorticity ωzC/Vrg. These patterns are influenced by the three-dimensionality 
of the flow structure described in the preceding sections.  
Figure 4.8 compares sectional cuts of the flow structure at angles of rotation ϕ = 
36° (left column) and 270° (right column). Seven sectional cuts along span of the wing 
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are indicated, including the midspan location. These sectional cuts are designated with 
letters from A to G where A is the plane closest to the root. Their locations in terms of 
radial distance r from the center of rotation, in relation to the root location ro and the 
span b of the wing are: (r-ro)/b = 0.03, 0.19, 0.34, 0.50, 0.66, 0.81, and 0.97.  
Figure 4.8a and b show sectional cuts of spanwise vorticity at rotation angles of ϕ 
= 36° and 270°. At ϕ = 36°, the concentrations of vorticity along the leading-edge 
remain compact and close to the surface of the wing. Correspondingly, in the 
aforementioned Figures 4.6a and b, at ϕ = 36°, concentrations b and c of chordwise 
vorticity ωxC/Vrg are located along a major share of the span of the wing.  
At ϕ = 270° in Figure 4.8b, for smaller values of radial distance from the root of 
the wing, concentrations of ωzC/Vrg are also compact and close to the surface of the 
wing, but for sufficiently large radial distances, the vorticity layer is elongated and 
deflected away from the surface of the wing. Correspondingly, in Figures 4.6a and b, 
at ϕ = 270°, only a single concentration c of chordwise vorticity ωxC/Vrg is present 
between the root and midspan of the wing. 
These sectional cuts of spanwise vorticity are shown in relation to cuts of positive 
(red-yellow) and negative (blue) spanwise velocity w/Vrg in Figures 4.8c and d. In 
Figure 4.8c, at ϕ = 36°, positive red-yellow w/Vrg intersects with the leading-edge 
vorticity concentrations and, in addition, is present in the vicinity of the trailing-edge 
of the wing, except in the vicinity of the midspan. Negative (blue) w/Vrg occurs in the 
outboard region of the wing (at sections F and G). Figure 4.8d, at ϕ = 270°, shows that 
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positive (red-yellow) w/Vrg intersects the patterns of leading-edge vorticity only in the 
region near the root at planes A through C. Negative w/Vrg is present within and 
immediately adjacent to the leading-edge vorticity layers at sections D through G, and 
immediately beneath these layers, large-scale regions of positive red-yellow w/Vrg 
persist. 
Figures 4.8e and f show patterns of spanwise vorticity flux wωzC/(Vrg2) in relation 
to the sectional patterns of spanwise vorticity ωzC/Vrg. At ϕ = 36°, negative red-yellow 
flux is prevalent along the span of the leading-edge, while the vortex loop from the 
trailing-edge is dominated by positive (blue) flux. At ϕ = 270°, negative red-yellow 
flux occurs at sections A, B and C, where the leading-edge vortex remains close to the 
surface, then at larger radial distances D through G, positive (blue) flux within the 
leading-edge vortex becomes evident, as the vorticity layer is elongated and deflected 
away from the surface of the wing. Considering together the sectional cuts of the flow 
structure given in Figures 4.8a through f, it is evident, first of all, that the flow patterns 
at ϕ = 36° and 270° are different in several aspects. Yet, a common criterion appears 
to apply. When there is significant negative spanwise vorticity flux wωzC/(Vrg2) 
through the central portion of a given sectional cut of ωzC/Vrg, that section of the 
leading-edge vortex remains compact, and close to both the leading-edge and the 
surface of the wing. On the other hand, loss of significant negative wωzC/(Vrg2) and its 
replacement by positive spanwise flux over a significant share of the sectional cut of 
vorticity is associated with deflection of the pattern of vorticity away from the surface 
and its substantial elongation in the chordwise direction.  
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Figures 4.8g and h show sectional patterns of downwash, that is, negative (blue) 
v/Vrg. At ϕ = 36°, downwash with values ranging from v/Vrg = -0.3 to -1.3 extend from 
the trailing portion of the leading-edge vorticity concentrations to the wake region; 
with increasing distance r long the span, the extent of high (dark blue) magnitude 
downwash becomes larger. The extent and magnitude of the downwash are due to the 
combined effects of all regions of vorticity, including; the leading-edge vortex whose 
circulation increases with radial distance towards the tip; the tip vortex, which has a 
larger circulation than the root vortex; and the intermediate concentrations of vorticity 
between the tip and root vortices. On the other hand, at ϕ = 270°, the extent of large 
magnitude of the downwash decreases severely as the tip of the wing is approached at 
sections E through G, and correspondingly, the leading-edge vorticity layer is 
increasingly deflected away from the surface of the wing. This trend of loss of 
downwash with increasing radial distance is due to loss of coherence of the tip vortex, 
as well as the leading-edge vortex, as shown in the previous Figures 4.4, 4.5 and 4.7. It 
corresponds to the occurrence of negative vorticity flux within the separated vorticity 
layer from the leading-edge of the wing, as shown in Figure 4.8f. 
4.3.7 Swirl Ratio of the Leading-Edge Vortex 
Figure 4.9a shows the ratio of the axial (z-direction) velocity component w/Vrg to 
a representation of the swirl (circumferential) velocity component |Vc|/Vrg, i.e. w/|Vc|. 
This ratio is plotted as a function of dimensionless radial distance (r-ro)/b along the 
span of the wing. The component w/Vrg was determined at the center of the vorticity 
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concentration of the leading-edge vortex, whereas the component |Vc|/Vrg was 
calculated from the average of the absolute values of the maximum positive and 
negative values of v/Vrg at the upstream and downstream edges of the vorticity 
concentration. (It should be noted that data points for radial distances less than (r-ro)/b 
= 0.1 are subject to relatively large uncertainty, due to the very small scales of the 
vorticity concentration and the presence of the root vortex.) At a rotation angle of ϕ = 
36°, for (r-ro)/b > 0.125, the values of w/|Vc| rise rapidly with increasing radial 
distance, then generally decrease, for increasing values of dimensionless radial 
distance, (r-ro)/b > 0.35. A broadly similar trend occurs for the rotation angle ϕ = 
270°, but the values of w/|Vc| are much lower. In fact, they take on negative values for 
larger dimensionless radial distance, (r-ro)/b > 0.70. As the tip of the wing is 
approached, both distributions of w/|Vc| are distorted due to the tip vortex. 
Figure 4.9b shows a plot similar to Figure 4.9a, except that the effective swirl, or 
circumferential, velocity was determined using a different approach. The absolute 
value of the circulation |Γ|/(CVrg) of the leading-edge vorticity concentration was 
evaluated, then divided by πL/C, where L is the leading-edge vorticity length, in order 
to obtain the effective swirl velocity |Γ|/(πLVrg). The ratio of the axial (z-direction) 
velocity component w/Vrg to the swirl (circumferential) velocity component can now 
be expressed as wπL/|Γ|. The curves of Figure 4.9b show a generally similar form as 
those of Figure 4.9a, except in the region close to the root of the wing, that is, for 
small values of dimensionless radial distance (r-ro)/b < 0.25. In this region, the 
leading-edge and root vortices cannot be distinguished, making it impossible to define 
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an area that encloses the leading-edge vortex to calculate the circulation and to 
measure the length of the leading-edge vortex.  
Figure 4.9c shows the variation of dimensionless spanwise velocity w/Vrg. The 
overall forms of the curves at ϕ = 36° and 270° are very similar to the form of the 
curves of wπL/|Γ| given in Figure 4.9b. This observation suggests that the effective 
swirl velocity |Γ|/(πLVrg) does not vary significantly with dimensionless radial 
distance (r-ro)/b.  
The plots of Figure 4.9d indicate that the variation of swirl velocity using the two 
different approaches described in relation to Figure 4.9a and Figure 4.9b. Over the 
mid-range of dimensionless radial distance 0.35 < (r-ro)/b < 0.85, it is evident that 
only small variations of swirl velocity occur with increasing values of radial distance 
(r-ro)/b. The swirl velocities defined by |Vc|/Vrg vary in a similar fashion at the root 
and the tip. However, there are large amplitude, fluctuating variations in the region of 
the root for the swirl velocity defined by |Γ|/(πLVrg). This variation is due to merging 
of the leading-edge and root vortices at the root region which results in uncertainties in 
the definition of the domain used for calculation of the circulation of the leading-edge 
vortex and in the definition of the length of the leading-edge vortex.  
The inverse of the velocity ratio w/|Vc| (or wπL/|Γ|) represents the swirl ratio, 
which is employed to determine the onset of vortex breakdown in well-defined 
swirling flows that occur along the leading-edge of a delta wing and in internal flow 
systems that generate swirl. In these configurations, the extremum of the distribution 
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of axial velocity w/Vrg across the vortex is aligned with the center of the vortex. In 
contrast, for the present situation, this alignment does not occur, most likely due to the 
fact that the spanwise velocity w/Vrg is due to rotational effects, that is, the effects of 
centripetal and Coriolis accelerations. As a consequence, it does not seem appropriate 
to use concepts and criteria for the onset of vortex breakdown in classical swirling 
flows for our present considerations. 
4.3.8 Circulation of the Leading-Edge Vortex 
The circulation was evaluated at each spanwise location along the wing, based on 
sectional patterns of spanwise vorticity ωzC/Vrg, thereby giving values of 
dimensionless circulation Γz/(CVrg) as a function of dimensionless radial distance (r-
ro)/b, as indicated in Figure 4.10. These values of circulation were calculated by 
considering the area integral of the spanwise vorticity within a specific domain at each 
spanwise location. In Figure 4.10, only the circulation of the leading-edge vortex 
(LEV circulation) is considered. It was evaluated using an area integral within the 
domain defined by a rectangular boundary that contains only the leading-edge vortex. 
The circulation plots follow a similar trend for both rotation angles of ϕ = 36° and 
270°. Remarkable is the fact that, in Figure 4.10, the maximum value of the circulation 
of the leading-edge vortex at ϕ = 270° is Γz/(CVrg) = -2.74, relative to the maximum 
value at ϕ = 36° of Γz/(CVrg) = -2.07. These maximum values occur for dimensionless 
radial distances of (r-ro)/b = 0.77 and 0.68 respectively. The sectional plots of 
vorticity given in Figures 4.8a and b have a different form at ϕ = 36° and 270°. For the 
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former, the vorticity concentration at approximately this radial location is highly 
concentrated and close to the surface of the wing, whereas at ϕ = 270°, the 
concentration is severely elongated and deflected away from the wing. 
4.4 CONCLUSIONS 
 Rotation of a wing (rectangular plate) gives rise to a highly-ordered system of: a 
stable leading-edge vortex, root and tip vortices, and trailing vortices. As the angle of 
rotation approaches large values, the tip vortex loses its coherence and identity.  
Existence of a coherent tip vortex is associated with identifiable concentrations of 
vorticity oriented in the chordwise direction (in-line with the velocity vector of the 
wing motion); they are located along the span of the wing. These concentrations occur 
in the following regions: the location of eruption of spanwise flow from the surface of 
the wing; and the outer edge of the spanwise flow, which has the form of a wall jet 
with a maximum velocity the same order as the velocity of the wing at its radius of 
gyration. 
Loss of coherence and identity of the tip vortex is accompanied by loss of the 
chordwise-oriented vorticity concentration due to eruption of the spanwise flow from 
the wing surface, leaving a broadly distributed, lower level region of chordwise-
oriented vorticity over most of the span of the wing, and a single vorticity 
concentration between the root and midspan of the wing. The loss of the tip vortex is, 
however accompanied by enhancement of a highly coherent root vortex. 
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Coherence of the leading-edge and tip vortex system is also related to the axial 
velocity within the core of the leading-edge vortex and the resulting swirl ratio. In the 
region where the leading-edge and tip vortex system lose their identity, the axial 
velocity first approaches zero then switches to negative values. 
Interpretation of the leading-edge vortex in terms of sectional cuts of spanwise 
vorticity shows that the local scale and degree of vorticity concentration of the 
leading-edge vortex, as well as its proximity to the surface of the wing are related to: 
regions of large spanwise velocity, concentrations of chordwise-oriented vorticity 
located along the span, and downwash along the wing. 
The root to tip spanwise velocity through the leading-edge vortex is associated 
with compact concentrations of vorticity that remain closer the wing surface. Tip to 
root spanwise velocity is linked to elongated vorticity concentrations that deflect away 
from the surface. This criterion holds both with and without existence of the coherent 
vortex. 
Downwash velocity of the order of the tangential velocity of the wing exists from 
a chordwise location corresponding to the leading-edge vortex into the wake of the 
wing. In presence of a coherent tip vortex, the scale of the region of largest downwash 
increases as the tip of the wing is approached. In absence of a coherent vortex, it 
decreases near the tip of the wing. As downwash diminishes, the leading-edge 
vorticity layer deflects from the surface of the wing. 
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Figure 4.1: Schematic of rotating wing and related parameters. 
 
 
Figure 4.2: Plan view of the experimental system including the stereoscopic camera 
arrangement. 
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Figure 4.3: Lines of constant vorticity ωzC/Vrg superposed on contours of constant root to tip 
velocity w/Vrg and spanwise vorticity flux ωzwC/Vrg2 at the midspan location (r-ro)/b = 0.5 for 
effective angles of attack αeff = 45° and 60° and azimuthal angles of rotation ϕ = 36°, 45°, 90° 
and 270°. (ωzC/Vrg)min = ± 0.8 and ΔωzC/Vrg = 1.6. 
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Figure 4.4: Inner and outer three-dimensional streamline patterns for a view orthogonal to the 
surface of the wing at (a) ϕ = 36° and (b) 270° for an effective angle of attack αeff  = 45°. 
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Figure 4.5: Iso-surface representations of (a) spanwise ωzC/Vrg, (b) chordwise ωxC/Vrg and (c) 
normal ωyC/Vrg vorticity components, formed by vorticity magnitudes of -3 and +3 at rotation 
angles of ϕ = 36° and 270° for an effective angle of attack αeff = 45°. 
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Figure 4.6a: Color contours of vorticity ωxC/Vrg, and (black) lines of ωxC/Vrg superposed on 
color contours of constant spanwise velocity w/Vrg at streamwise locations x/C' = 0.14, 0.29 
and 0.50, and angle of attack αeff = 45° for azimuthal angles of rotation ϕ = 36° and 270°. 
Minimum and incremental values of black contours are (ωxC/Vrg)min = ± 2.67 and ΔωxC/Vrg = 
1.33. 
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Figure 4.6b: Color contours of vorticity ωxC/Vrg, and (black) lines of ωxC/Vrg superposed on 
color contours of constant spanwise velocity w/Vrg at streamwise locations x/C' = 0.71 and 
1.14, and angle of attack αeff = 45° for azimuthal angles of rotation ϕ = 36° and 270°. 
Minimum and incremental values of black contours are (ωxC/Vrg)min = ± 2.67 and ΔωxC/Vrg = 
1. 
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Figure 4.7: Iso-surface representations of (a) spanwise velocity w/Vrg, (b) spanwise vorticity 
flux wωzC/(Vrg2) and (c) Q-criterion QC2/(Vrg2) at rotation angles of ϕ = 36° and 270° for an 
effective angle of attack αeff = 45°. 
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Figure 4.8: Chordwise sectional cuts of (a, b) spanwise vorticity ωzC/Vrg, (c, d) spanwise 
velocity w/Vrg, (d, e) spanwise vorticity flux wωzC/(Vrg2) and (f, g) vertical (downwash) 
velocity v/Vrg at angles of rotation ϕ = 36° (left column) and ϕ = 270° (right column) for an 
effective angle of attack αeff = 45°.  
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Figure 4.9a: , Ratio of axial (z-direction) velocity component w/Vrg to swirl (circumferential) 
velocity component |Vc|/Vrg, i.e., w/|Vc| ,with respect to increasing radial distance (r-ro)/b from 
the root of the wing for ϕ = 36° and 270°.  
 
 
Figure 4.9b: Ratio of axial (z-direction) velocity component w/Vrg to swirl (circumferential) 
velocity component |Γ|/(πLVrg), i.e., wπL/|Γ|, with respect to increasing radial distance (r-ro)/b 
from the root of the wing for ϕ = 36° and 270°.  
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Figure 4.9c: Axial (z-direction) velocity component w/Vrg with respect to increasing radial 
distance (r-ro)/b from the root of the wing for ϕ = 36° and 270°. 
 
 
Figure 4.9d: Two different representations of swirl (circumferential) velocity component with 
respect to increasing radial distance (r-ro)/b from the root of the wing for ϕ = 36° and 270°. 
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Figure 4.10: Negative circulation Γ/(CVrg) of the leading-edge vortex, , based on a domain 
that includes only the leading-edge vortex, at angles of rotation of ϕ = 36° and 270°. 
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CHAPTER 5 
FLOW STRUCTURE ON A ROTATING WING:  
EFFECT OF ASPECT RATIO AND SHAPE 
5.1 BACKGROUND 
Flow structure on rotating wings has attracted substantial attention in recent 
decades. A number of parameters influence the flow structure, as described in Chapter 
1. Among them are the aspect ratio and the shape of the wing. Previous investigations 
have employed either rectangular flat plates or replicated planforms of insect wings in 
computational and experimental studies.  
Luo and Sun (2005) performed a computational study of the effect of aspect ratio 
and planform on the flow structure along insect wings during revolving motion. They 
observed minimal effect of aspect ratio and shape on the lift coefficient, despite the 
occurrence of leading-edge vortex shedding from the outboard section of the wing at 
higher aspect ratios.  
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Lentink and Dickinson (2009a, b) indicate that the quasi-steady centripetal and 
Coriolis forces at low Rossby number have an important influence on the attachment 
and stability of the leading-edge vortex. Their interpretation using an actuator disk 
concept shows that, depending on the magnitude of the radius of gyration, revolving, 
revolving and translating, or purely translating regimes occur, and the flow structure 
will be influenced accordingly. 
In contrast to the aforementioned investigations, Jones and Babinsky (2010) did 
not observe a stable leading-edge vortex for a waving wing. There was continuous 
shedding from the leading-edge of the wing and the flow structure was not 
significantly affected by the aspect ratio. 
DeVoria et al. (2011) compared the flow structure on rotating rectangular wings 
of aspect ratio AR = 2 and 4. Bursting of the leading-edge vortex occurred at a larger 
angle of rotation for the smaller aspect ratio. In a subsequent study, Carr et al. (2012) 
observed an attached leading-edge vortex from the root up to 50% of the span. The 
leading-edge vortex was detached along the remaining portion of the wing span for the 
smaller aspect ratio. Significant breakdown of the leading-edge vortex, followed by a 
fully separated flow occurred, however, for the higher aspect ratio wing.  
Wojcik and Buchholz (2012) provide images of the spanwise vorticity on 
chordwise planes at specific spanwise locations for rectangular flat plates of aspect 
ratio AR = 2 and 4. Their study shows that the local circulation of the leading-edge 
vortex, at given radial distance, is smaller for the smaller aspect ratio wing. 
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Not yet addressed is the three-dimensional flow structure on wings of various 
aspect ratio and shape at large angle of rotation, for which a steady-state condition is 
approached. The present investigation employs a technique of quantitative imaging to 
provide volume representations of the flow, which leads to global representations of 
patterns of vorticity, spanwise velocity and downwash, in relation to the possible 
existence of a coherent, attached leading-edge vortex. These features are determined 
for rectangular wings having a range of aspect ratio, as well as for a wing having the 
planform of a fruit fly. 
5.2 EXPERIMENTAL SYSTEMS AND TECHNIQUES 
The main features of the experimental system and techniques are described in 
Chapters 2 and 4. Details that are specific to the present experiments are described in 
the following. 
Schematics of the wing and related parameters are given in Figure 5.1. Three 
rectangular flat plates and a model fruit fly wing were used in the experiments. The 
aspect ratio is defined as b/C where b is the span of the wing and C is the average 
chord length. The average chord is C = 38.1 mm for all wings. The rectangular plates 
have aspect ratios of AR = 1, 2 and 3. Similar to the largest rectangular plate, the 
planform of the fruit fly wing has an aspect ratio AR = 3. All wings are made of clear 
Plexiglas with a thickness of t = 2.8 mm.  
Table 5.1 shows the parameters for the aforementioned wings. The radial 
distances from the axis of rotation to the root of the wing, the radius of gyration of the 
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wing and the tip of the wing are represented by ro, rg and rtip. The motion profile, 
maximum rotation angle and the duration of the motion are same as employed in 
Chapter 4. The values of tangential velocity at the radius of gyration, and at the tip of 
the wing, designated respectively as, Vrg and Vtip, are tabulated along with the 
corresponding Reynolds numbers Rerg and Retip. The free stream velocity is zero; 
therefore the effective angle of attack αeff is measured as the angle between the 
tangential velocity vector Vrg of the wing due to rotation and the surface of the wing, 
as indicated in Figure 5.1. It is αeff = 60° for all wings.  
Images are captured at ϕ = 270° during a total rotation of ϕmax = 320°. Early 
studies of Birch et al. (2004), Luo and Sun (2005), Poelma et al. (2006), and Kim and 
Gharib (2010) show that 4C to 5C of travel at the tip is required to reach quasi-steady-
state lift generation. In this study, at ϕ = 270°, the tip of the wing has travelled 13.7C 
length, which is well into the steady-state lift plateau.  
The flow structure is visualized by using the same stereoscopic particle image 
velocimetry (SPIV) system described in Chapters 2 and 4. The three-dimensional flow 
structure is determined from 22, 36, 52 and 52 planes extending along the spans of the 
wings corresponding respectively to the rectangular wings of AR = 1, 2, 3 and the fly 
wing of AR = 3. The spacing between each plane is approximately Δr = 2.5 mm. The 
spatial separation of the velocity data on the PIV imaging planes is Δx = Δy = 1.89 
mm. 
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5.3 RESULTS AND DISCUSSION 
5.3.1 Overview of Three-Dimensional Flow Structure: Iso-Surfaces of Q and 
Total Vorticity 
Figure 5.2 shows plan views of iso-Q (left column) and total vorticity (right 
column) for rectangular wings (flat plates) of aspect ratio AR = 1, 2 and 3, in 
comparison with the planform of the fruit fly wing, which has a value of AR = 3, 
defined as b/C where b represents the span and C represents the average chord of the 
wing. The parameter QC2/(Vrg2) is defined as the positive second invariant of the 
velocity gradient tensor (deformation tensor). Physically, Q is interpreted as the 
relation between the magnitudes of rotation and strain (Hunt et al., 1988). When Q is 
positive, it represents a rotationally dominant region and vortical structures can be 
identified. Yellow iso-surfaces are plotted for QC2/(Vrg2) = 4. Total vorticity ωC/Vrg 
corresponds to the resultant magnitude of the vorticity projections in the x, y and z 
directions, i.e., ωxC/Vrg, ωyC/Vrg, and ωzC/Vrg. The iso-surfaces correspond to a value 
of ωC/Vrg = 7. These images of Figure 5.2 are shown in a different orientation in 
Figure 5.3.  
For the low aspect ratio AR = 1 rectangular wing, the leading-edge vortex is 
coherent along entire span of wing. At larger values of aspect ratio AR = 2 and 3, as 
well as for the fly wing, a coherent leading-edge vortex exists only from the root to 
approximately the mid-span of the wing. For larger radial distances, surfaces of iso-Q, 
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QC2/(Vrg2), and total vorticity, ωC/Vrg, rapidly degrade; organized swirl of the leading-
edge vortex no longer exists.  
These features of the leading-edge vortex are closely related to existence of a 
coherent tip vortex. For AR = 1, a well-defined tip vortex occurs. At the leading-corner 
of the wing, it merges with coherent leading-edge vortex. But, for wings of larger AR 
= 2 and 3, as well as for the fly wing, no coherent tip vortex is present. Therefore, 
disintegration of the leading-edge vortex at a sufficiently large radial distance is 
associated with the loss of an identifiable tip vortex. 
There is a well-defined root vortex for all wings. At AR = 1, the scale of the root 
vortex approaches that of the tip vortex. Both the root and tip vortices are inclined 
towards center of rotation of the wing. For wings of AR = 2 and 3, the root vortex does 
not separate from the trailing-corner of the wing. Rather, it follows the trailing-edge of 
the wing, and then departs into the wake, while undergoing a reorientation, that is, 
deflection, towards the center of rotation. For the case of the fly wing, the root vortex 
remains attached along the trailing-edge prior to departing to the wake.  
Figures 5.2 and 5.3, especially the patterns of iso-Q given in the left columns of 
these image layouts, indicate formation and shedding of clusters of vorticity from the 
trailing-edge of the wing for AR = 2 and 3, as well as for the fly wing. These patterns 
occur over a spanwise distance Ls and are due to vorticity from the windward (bottom) 
side of the wing. They start to appear at radial distances larger than the spanwise 
extent of the coherent portion of the leading-edge vortex, that is, for distances greater 
132 
 
than Lv measured from the root of the wing, as designated on the surfaces of iso-Q. For 
smaller values of radial distances there is no shedding from the trailing-edge. Vorticity 
shed from trailing-edge of the wing, as well as from the leading-edge of the wing, at 
these large radial distances is very similar to the behavior of the separated layers from 
a flat plate at high angle of attack undergoing purely translating motion, as described 
in Chapter 3. This observation is also in accord with the concept of Lentink and 
Dickinson (2009b), who illustrate that, at sufficiently large radius of rotation, purely 
translating motion is attained. 
5.3.2 Spanwise Vorticity: Sectional Cuts of Flow Structure 
Further interpretation of the flow structure given in Figures 5.2 and 5.3 involves 
the images of Figure 5.4, which provide patterns of spanwise-oriented vorticity 
ωzC/Vrg along chordwise-oriented planes. Isometric views of these patterns are given 
in the left column and views toward the root of the wing are given in the right column. 
Considering, first of all, the isometric views of Figure 5.4 given in the left 
column, at higher values of aspect ratio AR = 2 and 3 of the rectangular wing, and for 
the fly wing, degradation of contours of spanwise vorticity with increasing radial 
distance is clearly evident. Along the trailing-edge, in the vicinity of the root of the 
wing, and over a radial distance extending from the root to one-fourth of the span, 
ordered contours of spanwise vorticity occur. These sets of contours are not due to 
shedding from trailing-edge, rather they arise from extension of the root vortex from 
the root of the wing along the trailing-edge, as indicated in Figures 5.2 and 5.3. 
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Shedding from the trailing-edge does occur, however, at larger radial distances. The 
radial location of the onset of trailing-edge shedding is approximately the same 
especially across the rectangular wings. 
Side views of the flow structure, shown in the images of the right column of 
Figure 5.4, indicate that the apparent scale of the leading-edge vortex increases 
progressively with the value of aspect ratio of the rectangular wing from AR = 1 to 3. 
This apparent increase of the largest scale contours of ωzC/Vrg is due, however, to the 
larger diameter of the degraded region at large radial distances. Furthermore, for the 
lowest aspect ratio AR = 1 wing, insignificant formation of a separated vorticity layer 
from the windward side of the trailing-edge is evident. The structures appearing in the 
wake of the wing are actually due to the re-oriented root vortex and the tip vortex. In 
comparison, at larger values of aspect ratio, AR = 2 and 3, a separated vorticity layer 
occurs. As indicated in the left column of Figure 5.4, however, the separated vorticity 
layer exists only over radial distances along the trailing-edge larger than the location 
of the midspan of the wing. 
5.3.3 Chordwise Vorticity 
Figure 5.5 shows isometric (left column) and plan (right column) views of 
chordwise-oriented vorticity ωxC/Vrg along the upper surface of all wing 
configurations. At AR = 1, negative (blue) chordwise vorticity extends along the span 
of the wing at a location near the leading-edge. Over the region behind the midchord 
of the wing, the tip and root vortices, as defined by the iso-surfaces of positive 
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(yellow) and negative (blue) spanwise vorticity, are clearly evident. For values of 
wing aspect ratio AR = 2 and 3, and for the fly wing, negative (blue) chordwise-
oriented vorticity is prevalent along the surface of the wing at spanwise locations 
between the positive (yellow) root vortex and the onset of shedding of positive 
(yellow) ωxC/Vrg from the trailing-edge of the wing. In the plan view of the surface of 
iso-Q given in Figure 5.2 (left column), this region of chordwise-oriented vorticity 
ωxC/Vrg along the surface of the wing occurs within the spanwise distance designated 
as Lv for which there is no shedding of vorticity from the trailing-edge of the wing. It 
is therefore evident that there is a relationship between existence of negative (blue) 
chordwise vorticity along the leeward (upper) surface of the wing in the vicinity of the 
trailing-edge, and the lack of shedding of a vorticity layer from the windward (bottom) 
side of the trailing-edge of the wing.  
In addition to this blue (negative) vorticity ωxC/Vrg along the surface of the wing, 
it also occurs in the region where positive (yellow) ωxC/Vrg is shed from the trailing-
edge of the wing. That is, at larger radial distances, over which positive yellow 
chordwise vorticity appears in the separated layer from the wing, a corresponding 
region of negative blue chordwise vorticity appears as well.  
5.3.4 Spanwise Velocity 
Iso-surfaces of constant spanwise velocity are given in Figure 5.6. For the wing 
with the smallest aspect ratio AR = 1, positive (yellow) spanwise velocity w/Vrg = 0.4 
extends over the regions of the root and tip vortices (compare Figure 5.5). In addition, 
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a surface of negative (blue) w/Vrg = -0.3 exists in the vicinity of the tip, close to the 
leading-edge of the wing.  
At higher values of wing aspect ratio AR = 2 and 3, as well as for the fly wing, 
positive (yellow) w/Vrg extends along the entire span of the wing. A prevalent feature 
is the edge of a surface of w/Vrg designated as A. At the root of the wing, the surface 
associated with A extends along nearly the entire chord. For increasing radial distance, 
the locus of edge A moves towards the trailing-edge of the wing. This feature persists 
for all of these wing configurations. Another common feature is existence of a 
negative (blue) region of w/Vrg located near the leading-edge of the wing. 
Figure 5.7 directly compares plan views of the iso-surfaces of constant spanwise 
velocity w/Vrg with plan views of the iso-Q surfaces originally shown in Figure 5.2. 
The spanwise extent of the coherent leading-edge vortex, designated as Lv on the 
images of the iso-Q surfaces, is indicated on the images of the w/Vrg surfaces. In 
addition, the location of the edge of surface A is indicated on the w/Vrg surfaces. This 
comparison shows that, for values of wing aspect ratio AR = 2 and 3, as well as for the 
fly wing, the end of the spanwise extent Lv of the coherent leading-edge vortex 
corresponds approximately to the onset of a negative region of w/Vrg along the 
leading-edge of the wing. Furthermore, it also corresponds to deflection of the edge A 
to the trailing-edge of the wing. 
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5.3.5 Downwash 
Figure 5.8 shows iso-surfaces of the normalized vertical v/Vrg component 
velocity, as defined in Figure 5.1. The color blue corresponds to negative v/Vrg, i.e., 
downwash, while the color yellow represents upwash. The left and right columns of 
Figure 5.8 represent respectively isometric and plan views.  
For the AR = 1 wing, downwash of substantial magnitude v/Vrg = -0.5 exists over 
nearly the entire span of the wing, while for the wings of larger aspect ratio, as well as 
the fly wing, this downwash exists only over a portion of the span of the wing that 
does not include the tip region. The extent of these surfaces of downwash covers a 
region that is larger than the spanwise length Lv of the coherent region of the leading-
edge vortex, evident by comparison with the iso-Q surfaces of Figure 5.2.  
Regarding the region of positive (yellow) upwash v/Vrg = 0.3, it is evident in 
regions along the leading-edge and the tip of each wing. Furthermore, a pronounced 
region of upwash occurs at the root of the trailing edge, as well as along the trailing-
edge at the spanwise location corresponding to formation of the shed vorticity layer Ls 
indicated in the iso-Q surfaces of Figure 5.2. 
5.4 CONCLUSIONS 
The flow structure on rotating wings is characterized using a technique of 
quantitative imaging, which provides volume representations. The effect of aspect 
ratio and wing planform are addressed at large angle of rotation corresponding to the 
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attainment of steady state lift in previous investigations. The three-dimensional flow 
structure is described in terms of iso-surfaces of Q, vorticity magnitude, spanwise-
oriented vorticity, chordwise-oriented vorticity, spanwise velocity and vertical 
velocity (downwash). A cross comparison of these three-dimensional surfaces yields 
insight into the conditions for existence of a coherent leading-edge vortex; in addition, 
degradation of this vortex is addressed. In turn, these forms of the leading-edge vortex 
are related to a coherent versus a degraded tip vortex, the form of the vortex at the root 
of the wing, and existence of shedding of vorticity along the trailing-edge of the wing. 
Larger values of aspect ratio result in degradation of the organized swirl of the 
leading-edge vortex. This degradation occurs at large radial distances for which: the 
magnitude of the downwash decreases; positive (root to tip) spanwise velocity moves 
towards the trailing-edge; and negative tip to root spanwise velocity occurs in the 
vicinity of the leading-edge of the wing. Simultaneously, there is loss of an 
identifiable tip vortex; it is coherent only for the smallest aspect ratio. Despite these 
substantial changes in the structure of both the leading-edge and tip vortex patterns, 
the structure of the root vortex remains nearly unaltered with changes of aspect ratio 
of the wings having rectangular planform.  
The flow structure at the trailing-edge can be classified into three major regions, 
as a function of radial distance along the span of the wing, irrespective of the wing 
aspect ratio and shape. These regions are, in order of increasing distance from the root: 
reoriented vorticity of the root vortex; absence of vortex shedding between the 
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reoriented root vortex and approximately the midspan; and pronounced shedding of 
vorticity from the trailing-edge, which starts approximately at the midspan.   
139 
 
 
 
 
Figure 5.1: Schematics of the wing planforms and illustrations of related parameters. 
 
 
 
 
Table 5.1: Table of parameters and their values for each wing planform. 
  
140 
 
 
 
 
Figure 5.2: Plan views of iso-Q (left column) and iso-surfaces of total vorticity (right column) 
for rectangular and fruit fly wings. 
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Figure 5.3: Isometric views of iso-Q (left column) and iso-surfaces of total vorticity (right 
column) for rectangular and fruit fly wings. 
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Figure 5.4: Views of patterns of spanwise-oriented vorticity ωzC/Vrg along chordwise-
oriented planes. Isometric views are given in the left column and views toward the root of the 
wing are given in the right column. 
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Figure 5.5: Views of iso-surfaces of chordwise-oriented vorticity ωxC/Vrg. Isometric views are 
given in the left column and plan views are given in the right column. 
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Figure 5.6: Views of iso-surfaces of spanwise velocity w/Vrg. Isometric views are given in the 
left column and plan views are given in the right column. 
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Figure 5.7: Plan views of iso-Q surfaces QC2/(Vrg2) (left column) and iso-surfaces of 
spanwise velocity w/Vrg (right column).  
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Figure 5.8: Views of iso-surfaces of vertical velocity v/Vrg. Isometric views are given in the 
left column and plan views are given in the right column.  
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CHAPTER 6 
VORTICAL STRUCTURES ON A FLAPPING WING 
6.1 BACKGROUND 
In recent years, substantial advances have been made toward our understanding of 
the unsteady wing motions associated with insects. Detailed overviews of biological 
flight and the related flow structure are provided by Sane (2003), Lehmann (2004), 
Wang (2005), Viieru et al. (2006) and Shyy et al. (2008). Carefully posed experiments 
that replicate the essential features of wing motion have employed a number of 
different modes of motion such as hovering (Dickinson et al. 1999; Bomphrey et al. 
2009), maneuvering (Fry et al. 2003), and forward flight (Dudley and Ellington 1990a, 
b). Among these modes of motion, hovering has received considerable attention. In 
order to gain insight into the corresponding flow patterns, van den Berg and Ellington 
(1997a, b) used smoke visualization, and Birch and Dickinson (2003), Birch et al. 
(2004), and Poelma et al. (2006) employed particle image velocimetry. These 
approaches, in conjunction with force measurements, have provided insight into the 
major features of hovering motion of insects. The flow structure on hovering insects 
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has also been studied computationally by Liu et al. (1998), Wang (2000), Sun and 
Tang (2002), and Aono et al. (2008). These experimental and numerical studies have 
shown that in the region along the wing, the leading-edge vortex is of major 
importance. It can remain attached during most of the cycle and produces lift even at 
high angles of attack. The structure of the leading-edge vortex, its stability, and its 
contribution to the lift have been discussed in the foregoing references and also most 
recently in the study by Lentink and Dickinson (2009a, b). Downstream of the wing, 
in the wake region, the evolution of the tip vortex(ices) and their relation to the wing 
loading have been considered in a number of the foregoing investigations. Very little 
attention has been devoted to the possibility of streamwise concentrations of vorticity 
at locations inboard of the tip vortices. 
The focus of the present investigation is the flow structure in the vicinity of a 
wing in the form of a thin, rectangular flat plate undergoing flapping motion while 
undergoing simulated translation in the forward direction. The Reynolds number based 
on tip velocity (Re = 565) lies within the range of a small insect. This value compares 
with previous, representative experiments: fruit flies, Dickinson et al. (1999), Re = 
100–250; bumblebees, Bomphrey et al. (2009), Re = 2,500; and hawkmoths, van den 
Berg and Ellington (1997a, b), Re > 5,000. 
One of the most important parameters used in biological flight is the advance ratio 
which is the ratio of the distance travelled by the body to the distance travelled by the 
wingtip in the stroke plane during one stroke cycle (Ellington 1984; Lentink and 
Dickinson 2009a, b). The advance ratio may be defined as J = U/2Φbf, in which U is 
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the freestream velocity, Φ is the peak to peak stroke amplitude in radians, b is the span 
and f is the stroke frequency. This ratio is zero (J = 0) for hovering motion. In the 
present investigation, a finite value of J is employed, and the stroke plane is oriented 
perpendicular to the motion of the body to simulate forward flight. 
The motion and parameters employed in this investigation resulted in the 
generation and evolution of vortical structures with a streamwise component of 
vorticity. These structures were investigated through dye visualization and particle 
image velocimetry in relation to the spanwise flow along the wing. The overall aim is 
to gain an understanding of physics of forward flapping flight at zero geometric angle 
of attack and, furthermore, to provide a basis of comparison with the vortical 
structures observed in hovering motion. 
6.2 EXPERIMENTAL SYSTEMS AND TECHNIQUES 
A free-surface water channel was employed for the present experiments. It had an 
overall test section length of 4,877 mm, a width of 927 mm, and a depth of 610 mm. 
Conditioning of the upstream flow was accomplished by use of a honeycomb-screen 
arrangement involving a sequence of five screens, in order to maintain the turbulence 
intensity at a relatively low value of 0.3%. The value of free-stream velocity U was 
25.4 mm/s.  
Figure 6.1 provides a schematic of flapping wing system. The wing had the form 
of a flat plate, which was attached to a body of revolution undergoing controlled 
rotational motion. The setup was placed in the water channel such that when the wing 
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is at horizontal location, it is at mid height of the water level. The height of the water 
level was 610 mm and the wing rotated through a total angle of 60° which yielded a 
peak to peak displacement of the wing tip of 100 mm. Therefore, the effects from the 
bottom wall and the upper free surface were minimal. A series of preliminary 
experiments involving acquisition of PIV images at different values of magnification 
factor were undertaken to confirm this point. The entire wing system was positioned 
successively closer to the side wall of the channel. The quantitative images of the 
vortex structure at different locations of the wing system remained the same.  
The plate had a span b = 101.6 mm, a chord C = 50.8 mm, and a thickness t = 
1.59 mm. All edges of the plate were sharp. As indicated in the plan view, the 
outboard corners were rounded with a radius of Rc = 2 mm. The Reynolds number 
based on wing tip velocity was calculated using Re = C2Φbf/υ and its value is 565. 
The body of revolution indicated in Figure 6.1 was driven by a motor control 
system located above the free surface of the water. Arbitrary functional forms of the 
flapping could be generated by programming the motor system. The periodic motion 
of the wing involved two basic forms: triangular motion (a succession of positive and 
negative ramps) and sinusoidal motion, as indicated in the schematics of Figure 6.1. 
The main body of results described herein corresponds to the triangular motion; 
comparisons with sinusoidal motion indicate that the basic features of vortex 
formation are generic to both types of motion. For the triangular motion, zero 
acceleration of the wing occurs, except at the corners. In this region, the effective 
smoothing had a duration of Δt/T = 0.015, where T is the period of the motion. The 
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wing rotated between the extreme values ϕm = 30° and -30°. Due to the symmetry, 
only the positive half of the cycle is presented here. For all experiments, the geometric 
angle-of-attack relative to the body was maintained at α = 0°. Due to the flapping 
motion, an effective angle-of-attack exists. It is defined as αe = tan-1 Vt/U in which Vt 
is the local tangential velocity of the wing at a given value of spanwise distance y/b 
from the axis of rotation. The effective angle of attack for triangular motion is constant 
and has value at the tip of the wing (y/b = 1) of αe = 22.7° during the downstroke and -
22.7° during the upstroke of the wing. The dimensionless frequency of the flapping 
motion was k = πfC/U = 0.314, and the advance ratio was J = 2.4. The basic elements 
of the unsteady flow structure described herein were also observed at additional values 
of k, J and angle-of-attack α.  
Dye visualization was employed to determine the overall, qualitative features of 
the instantaneous flow structure along the wing. This was accomplished by employing 
a total of nine dye injection holes, equally spaced along the span. The centers of the 
holes were located at a distance of 1.5 mm downstream of the leading-edge of the 
plate.  
The quantitative structure of the flow was determined using a technique of 
particle image velocimetry. Data acquisition and processing were performed by using 
TSI Insight 3G software. The location of the laser sheet and the direction of view of 
the camera system are indicated in the schematics of Figure 6.1. The results given 
herein correspond to crossflow planes at streamwise locations from x/C = 0.1 to 1.1, at 
increments of Δx/C = 0.1. In order to optimize the quality of the imaging, it was 
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necessary to filter the water with a one-micron filter, then, seed it with 12-micron-
diameter metallic-coated hollow plastic spheres. The seeding density was sufficiently 
high such that a minimum of 15 particle images were maintained within the 
interrogation window of 32 x 32 pixels2. A pulsed Yag laser system having a 
maximum output of 50 mJ was employed in conjunction with spherical and cylindrical 
lenses, in order to generate a laser sheet of 1 mm thickness. For all experiments, the 
maximum power level was 40 mJ. A laser pulse rate of 14.29 Hz was employed, 
allowing acquisition of 14.29 image pairs per second. An imaging camera having an 
array 1,600 x 1,200 pixels2 was employed for image acquisition. The effective 
magnification was 14.6 pixels/mm. Evaluation of the patterns of particle images 
involved a frame-to-frame cross-correlation technique with 50% overlap of 
interrogation areas of 32 x 32 pixels2. Approximately 7,227 velocity vectors were 
determined within the field of view, with an effective grid size of 1.09 mm.  
Both instantaneous and phase-averaged patterns of the flow structure are 
addressed herein. Preliminary experiments showed that the flow structure on the wing 
and in the near wake converged after the first cycle of oscillation. Therefore, image 
acquisition was not triggered until the wing completed two cycles of oscillation, so the 
initial transient does not affect either instantaneous or averaged images. For phase-
averaging, a total of 12 instantaneous images were employed. In view of the controlled 
forcing of the flapping wing, however, the instantaneous flow structure was found to 
be highly repetitive from cycle to cycle, and the phase-averaged patterns showed 
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essentially the same features as the instantaneous images. A quantitative comparison is 
provided herein. 
6.3 RESULTS AND DISCUSSION 
6.3.1 Marker Visualization of Flow Structure 
Figure 6.2 shows dye visualization from ports located along the leading-edge of 
the wing. For the angle ϕ = 10.8° represented in this image, the effective angle-of-
attack is αe = tan-1 Vt/U = 22.7° at the tip of the wing, in which Vt = 10.64 mm/s is the 
tangential tip velocity of the flapping wing and U is the freestream velocity. At this 
value of αe = 22.7°, a separated shear layer forms at the leading-edge of the plate. 
The following details are evident from the dye visualization image. Well-defined 
spanwise flow is indicated by the dye marker along the surface of the plate. The fronts 
of the surface dye marker corresponding to this spanwise flow are designated as Q1, 
Q2, and Q3. The dye marker emanating directly from the dye visualization ports marks 
the separated shear layer from the leading-edge of the plate. Along this layer, small-
scale concentrations of dye are evident; they correspond to Kelvin–Helmholtz 
vortices, designated as KH. The succession of KH vortices has a trajectory that is 
deflected in the outboard direction, that is, toward the tip of the wing. 
An important consequence of the spanwise flow is reorientation of the vortices 
formed from the leading-edge of the plate, whose vorticity is nominally oriented in the 
spanwise direction. Tracking the small scale KH vortices visualized by dye provides 
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an indication of the effects of spanwise flow and the consequent reorientation of the 
large scale vortical structures on the upper surface of the wing. That is, the small-scale 
KH vortices are located about the periphery of the large-scale structures, so tracking 
the KH vortices provides a direct indication of the increasing inclination, and thereby 
the vorticity reorientation, of the large-scale structures. For example, the small-scale 
KH structures designated as S2 and T2 are reoriented in the direction indicated by the 
arrow, relative to their successor W2. Furthermore, this process is preceded by the 
reoriented small-scale structures S1, T1, which are reoriented relative to their successor 
W1. This reorientation process culminates in formation of a large-scale cluster of dye 
A2 and its predecessor, A1, which is located near the trailing-edge of the wing. 
Simultaneously, with the foregoing process of reorientation, the three-dimensional 
process of vortex shedding from the leading-corner of the wing is associated with the 
large-scale dye cluster B2 and its predecessor B1. The foregoing features of dye 
visualization are intended to serve as a guide for interpretation of quantitative imaging 
of the flow structure in successive crossflow planes, as addressed in the following. 
6.3.2 Imaging of Flow Structure 
Figure 6.3 shows images of the flow structure at two crossflow planes, located at 
x/C = 0.4 and 0.8, with the dye visualization pattern of Figure 6.2 as a reference. The 
image at x/C = 0.4 shows contours of constant transverse velocity v/U. In accord with 
the dye marker in the vicinity of the surface of the plate, in particular, the dye fronts 
Q1, Q2, and Q3 indicated in Figure 6.2, large values of positive v/U = 0.5, oriented 
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toward the tip of the plate, occur along its boundary. This pronounced spanwise flow 
is evident up to approximately y/b = 0.6. At larger values of y/b, the concentration of 
v/U is deflected from the surface of the plate. In the vicinity of the tip of the plate, 
concentrations of positive (red) and negative (blue) magnitudes of v/U are evident, due 
to formation of the tip vortex.  
The dye visualization image of Figure 6.3 shows that the large-scale, coherent 
clusters of dye become particularly prevalent at larger streamwise distances x/C. The 
representative image of vorticity in the crossflow plane, at x/C = 0.8, indicates the tip 
vortex and, in addition, coherent concentrations of positive (red) and negative (blue) 
vorticity, which have arisen from the aforementioned mechanisms described in 
conjunction with Figure 6.2. In the image layouts that follow the spatial development 
of the representative patterns of transverse velocity v/U and vorticity ωxC/U will be 
addressed.  
Figure 6.4 shows the streamwise evolution of contours of constant transverse 
velocity v/U from x/C = 0.4 to 0.8. In the direction of view designated by the 
schematic, positive transverse velocity v is from right to left, in accord with spanwise 
flow toward the tip of the wing. At values of y/b up to at least 0.75, pronounced 
regions of positive (red) transverse velocity are evident at all values of x/C. At values 
of y/b in the region 0.75 < y/b < 0.9, concentrations of positive (red) and negative 
(blue) v/U occur away from the surface of the plate, due to the onset and development 
of coherent structures of streamwise-oriented vorticity, to be addressed subsequently. 
Moreover, in the vicinity of the tip of the plate, the positive and negative 
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concentrations of v/U are associated with the tip vortex. Well-defined regions of 
negative v/U extend a significant distance inboard of the tip of the plate, due to 
reattachment and extension of the streamline pattern in that region, associated with the 
tip vortex. This pattern is evident in the representative image of streamlines at x/C = 
0.5 shown in the inset of Figure 6.4. In the visualization of Figure 6.2, this region is 
free of dye marker, due to the fact that tip vortex is not seeded with dye in this region 
near the tip of the plate. That is, dye was not injected into the tip vortex, and therefore 
its region of influence appears as an unmarked region of the plate surface in Figures 
6.2 and 6.3. 
Corresponding patterns of streamwise vorticity are shown in Figure 6.5. At x/C = 
0.4, concentrations of ωx are designated as a through d. The elongated region a is 
consistent with reorientation of vorticity in the separated shear layer, as addressed in 
conjunction with Figure 6.2. Concentration c, located immediately beneath a, is in 
accord with eruption of the boundary layer from the surface of the plate, driven by the 
spanwise velocity v along the surface of the plate, designated in Figure 6.4. 
Concentrations b and d are the counterparts of concentrations a and c. At successively 
larger values of x/C, these defined regions of vorticity undergo an interaction at x/C = 
0.5, and eventually concentrations e and f become well defined at x/C = 0.6, 0.7, and 
0.8. Concentrations e and f are consistent with those given at x/C = 0.8 in Figure 6.3, 
and with the dye marker visualization, in the form of coherent clusters of dye A1 and 
B1, indicated in Figures 6.2 and 6.3.  
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The foregoing representations of dye visualization and transverse velocity v/U and 
streamwise vorticity ωxC/U are shown at a given instant, i.e., a given angle ϕ of the 
wing. The issue arises as to whether the well-defined concentrations of vorticity 
shown in Figure 6.5 at x/C = 0.6, 0.7, and 0.8 occur at other values of x/C when the 
flow structure is tracked at different values of angular deflection ϕ. Figure 6.6 shows 
contours of constant streamwise vorticity ωxC/U, which are shifted in time relative to 
each other. The value of the time shift Δt, relative to the period T of the wing 
oscillation, is Δt/T = 0.0175. This value, which was selected from a range of time 
shifts, shows the optimum degree of replication of the vortex structure over the 
streamwise extent of the flow. Using the freestream velocity U and the chord C of the 
wing, this time shift may also be represented as ΔtU/C = 0.175. Furthermore, the 
incremental value of angular deflection of the wing corresponding to this phase shift is 
Δϕ = 2.1°. Values of ϕ in relation to x/C are given in the table in the inset of Figure 
6.6. Viewing the images of Figure 6.6, a generally similar structure of the positive 
(red) and negative (blue) concentrations of streamwise vorticity ωx is present over the 
range 0.7 ≤ x/C ≤ 1.1. At smaller values of x/C, these positive and negative 
contributions are generally evident, but their form and circulation differ from those at 
larger values of x/C, including partitioning of the negative (blue) region of ωx into two 
smaller-scale concentrations at x/C = 0.5 and 0.6.  
Figure 6.7a, b show the time history of contours of constant streamwise vorticity 
ωxC/U at the mid-chord of the plate, x/C = 0.5. Only positive (red) contours are shown 
in Figure 6.7a and only negative (blue) in Figure 6.7b. The images at the upper left of 
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these figures show both positive and negative regions of ωxC/U at two selected angles 
ϕ = 20° and 13.75°, and in each figure, the lines provide a link between the designated 
regions of vorticity in the isometric view of the entire space–time image of ωxC/U and 
the individual concentrations of positive and negative vorticity. Moreover, in Figure 
6.7a, b, a rectangular region designated by a dashed line focuses on the space–time 
development of the patterns of vorticity at smaller values of ϕ, i.e., 25° ≥ ϕ ≥ 0° during 
the downstroke motion of the plate. Zoomed-in views of the patterns of positive (red) 
and negative (blue) vorticity within this rectangular region are provided in Figure 6.7c. 
For the positive (red) volume of vorticity, the development and persistence of the tip 
vortex is clearly evident. Furthermore, the onset and degeneration of the inboard 
positive (red) concentration of vorticity is also indicated. Smaller-scale volumes of 
positive vorticity extend between the tip vortex and the distributed vorticity adjacent 
to the surface of the plate at small values of angle ϕ. Regarding the patterns of 
negative (blue) vorticity shown in the bottom space–time image of Figure 6.7c, the tip 
vortex of negative sign exists over the range of angles 30° ≥ ϕ ≥ 25° together with the 
tip vortex of positive sign; from then on, the tip vortex has only a positive sign. The 
negative concentration of the inboard vortex system is particularly evident for the 
range of angles 15° ≥ ϕ ≥ 5°. Viewing together the space–time images of Figure 6.7c, 
it is evident that the lifetime of the positive and negative concentrations of vorticity 
extends over an increment of deflection angle ϕ corresponding approximately to Δϕ = 
10°, whereas the tip vortex is present over a range Δϕ = 30°. 
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Figure 6.8 shows comparison of the structure of the inboard vortex system and the 
tip vortex for both triangular motion and sinusoidal motion. This comparison is made 
at a streamwise distance x/C = 0.5. The selected images show various phases of 
development of the vortex system, including the initial onset of single, well defined 
positive (red) and negative (blue) concentrations of vorticity and, at a later stage, the 
complex, but highly ordered interaction of smaller-scale concentrations of vorticity. In 
essence, a very similar structure of the inboard vortices occurs for both types of 
motion, but their occurrence is shifted to lower values of the deflection angle ϕ for the 
sinusoidal motion relative to the triangular motion. This observation indicates that the 
mechanisms giving rise to the inboard vortices are robust for different classes of 
functional forcing of the flapping plate. 
Figure 6.9 shows representative instantaneous images of streamwise ωxC/U, in 
comparison with averages of different numbers of instantaneous images, i.e., 3, 6, 9, 
and 12 images. All of these images are remarkably similar, and there is nearly 
undetectable degradation of peak vorticity levels with an increasing number of images 
employed for the phase-average. For a representative concentration of vorticity, 
located furthest inboard in the images of Figure 6.9, the peak vorticity was plotted as a 
function of the number of images employed for the phase-average. The values of the 
instantaneous image and the phase-average involving two images were, respectively, 
within 2.8 and 0.97% of the asymptotic value corresponding to an average of 6, 9, and 
12 images. 
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6.4 CONCLUSIONS 
A wing in the form of a rectangular flat plate undergoing a periodic flapping 
motion generates pronounced spanwise flow and coherent, streamwise-oriented 
vortical structures at inboard locations. The origin and development of these vortical 
structures have been characterized using qualitative dye visualization and quantitative 
imaging, which involves space–time image acquisition and post-processing, in order 
to construct sectional and volume representations of the flow structure. Spanwise flow 
along the surface of the plate toward its tip is a central feature. On the other hand, at 
locations just inboard of the tip of the plate, where the influence of the tip vortex is 
prevalent, the spanwise flow is oriented away from the tip, toward the root of the 
flapping plate. For both of these classes of spanwise flow, contours of constant 
transverse velocity indicate values as high as one-half the freestream velocity. 
Away from the surface of the plate, along the separated shear layer formed from 
its leading-edge, reorientation of nominally spanwise vorticity occurs. This 
reorientation process is compatible with the spanwise flow toward the tip of the wing 
indicated in the foregoing, and it culminates in a large-scale concentration of positive 
streamwise vorticity. 
A corresponding large-scale concentration of negative streamwise vorticity 
occurs; it is linked to the process of three-dimensional vortex formation from the 
leading-corner of the flapping plate. These positive and negative inboard vortical 
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structures have values of circulation of the order of one-half the circulation of the tip 
vortex. 
Images of streamwise vorticity, showing both spatial and temporal development, 
are provided over chordwise distances extending from the region near the leading-
edge of the plate to the near-wake region. They show that the aforementioned features 
of the positive and negative large scale vortical structures at inboard locations are 
persistent over this entire streamwise extent, though the detailed features of the 
patterns vary. Moreover, space–time volume images of the patterns of streamwise 
vorticity indicate that the large-scale inboard structures have a lifetime that extends 
over a range of flapping angle of approximately 10°, in comparison with the lifetime 
of the tip vortex that extends over approximately 30°. These large-scale inboard 
vortical structures can degenerate into smaller-scale, interacting structures during 
portions of the flapping cycle of the wing. Nevertheless, the degenerated patterns of 
smaller-scale streamwise-oriented vortices are remarkably coherent and repetitive. 
Patterns of both the large-scale and small-scale structures are remarkably similar 
for distinctly different types of flapping motion, that is, triangular and sinusoidal 
variations of flapping angle with time. Certain details of the flow patterns are, 
however, phase-shifted when comparing the oscillation cycles of these two types of 
flapping motion. 
The present study is distinct from previous investigations, in that it employs a thin 
rectangular flat plate at zero angle of attack undergoing motion in a vertical stroke 
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plane, at a high value of advance ratio corresponding to forward flight. Comparisons 
with previous investigations of insect flight are difficult, due to the different wing 
configurations, types of motion, and parameters employed in those studies. In future 
investigations, it would be insightful to address basic planforms representative of 
insect wings, in addition to the rectangular planform addressed herein. Such efforts 
would define the degree of persistence of the vortical structures identified herein. 
Moreover, the present investigation characterizes the flow structure at a relatively low 
Reynolds number. It is anticipated, however, that the fundamental mechanisms of 
three-dimensional vorticity generation and development will persist to higher 
Reynolds number, especially for wing configurations having sharp, thin leading-edges. 
This aspect also deserves attention in future studies. 
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Figure 6.1: Schematics of experimental system and functional forms of flapping motion. 
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Figure 6.2: Plan view of the flow structure on the flapping wing during its downstroke 
motion, visualized by dye marker.  
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Figure 6.3: Flow structure on selected crossflow planes in relation to dye visualization.  
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Figure 6.4: Contours of constant transverse velocity at successive streamwise locations along 
the surface of a flapping wing, at a given instant during the downstroke motion.  
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Figure 6.5: Contours of constant streamwise vorticity at successive streamwise locations 
along the surface of the wing, at a given instant during the downstroke motion.  
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Figure 6.6: Time-shifted patterns of streamwise vorticity along the surface of the wing and 
into the near wake, during the downstroke motion of the wing.  
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Figure 6.7a: Space-time volume construction from contours of constant streamwise vorticity 
at the mid-chord of the wing during its downstroke and upstroke motion. The space-time 
volume represents only positive (red) streamwise vorticity.  
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Figure 6.7b: Space-time volume construction from contours of constant streamwise vorticity 
at the mid-chord of the wing during its downstroke and upstroke motion. The space-time 
volume represents only negative (blue) streamwise vorticity.  
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Figure 6.7c: Zoomed-in views of space-time volumes of positive (red) and negative (blue) 
vorticity corresponding to the domain within the dashed-line-rectangles indicated in Figures 
6.7a and b. 
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Figure 6.8: Comparison of representative patterns of streamwise vorticity for sinusoidal and 
triangular flapping motions of wing. 
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Figure 6.9: Comparison of instantaneous and phase-averaged images of representative pattern 
of streamwise vorticity.  
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CHAPTER 7 
CONTROL OF VORTICAL STRUCTURES ON A FLAPPING WING VIA A 
SINUSOIDAL LEADING-EDGE 
7.1 BACKGROUND 
Substantial efforts have been devoted to gaining an understanding of the control 
concepts employed by swimming fish and mammals, as summarized by Fish and 
Lauder (2006) and Fish et al. (2008). Of these concepts, the overall (static) 
performance characteristics of the flipper of a humpback whale have been of 
considerable interest in recent years. This flipper, which provides remarkable 
maneuverability, has protuberances along its leading-edge. The pattern of 
protuberances can be approximated by a sinusoidal-like shape of the leading-edge 
geometry.  
Miklosovic et al. (2004) directly compared stationary models of a flipper at high 
angle-of-attack and demonstrated that the onset of stall could be substantially delayed 
for the flipper having a leading-edge with protuberances, relative to a flipper with a 
smooth leading-edge. In a subsequent investigation, Miklosovic et al. (2007) 
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determined the difference in performance characteristics of wings having scalloped 
leading-edges of essentially infinite, as well as finite span.  
Johari et al. (2007) experimentally addressed the consequences of leading-edge 
protuberances on the performance of two-dimensional airfoils, and demonstrated that 
relatively high values of lift could be obtained at high angle-of-attack. Furthermore, 
Johari et al. (2008) interpreted the effectiveness of leading-edge protuberances using 
dye and tuft visualization, and described retardation of the onset of flow 
separation/stall over the peaks of the protuberances. Sahin et al. (2003) characterized 
the attenuation of dynamic stall on an airfoil via perturbations of the leading-edge. 
Bearman and Owen (1998) found that spanwise waviness of separation lines can lead 
to the attenuation of vortex shedding and reduction of drag of bluff bodies in the form 
of a thin plate oriented orthogonally to the incident free stream and rectangular cross-
section cylinder. Darekar and Sherwin (2001) characterized the reduction in total drag 
of a square-section cylinder with a wavy stagnation face, in terms of computed 
streamwise and vertical components of vorticity. 
For the case of a delta wing at high angle-of-attack, Goruney and Rockwell 
(2009) defined the near-surface streamline topology using quantitative imaging for the 
case of a wing with a straight versus a sinusoidal leading-edge. The sinusoidal 
leading-edge had various values of amplitude and wavelength. Depending on these 
parameters, it was possible to fundamentally transform the surface topological patterns 
from the case of a large-scale focus (swirl pattern) associated with massive three-
176 
 
dimensional separation from the surface of the wing to a focus of attachment. In other 
words, the extent of the three-dimensional stall region was substantially attenuated. 
All of the foregoing investigations have addressed cases of stationary flipper 
models and wings. An important issue is the degree to which unsteady motion 
influences the flow structure along wings having leading-edge protuberances, i.e., 
sinusoidal-like leading-edges. The focus of the present investigation is alteration of the 
patterns of vortical structures along a flapping wing (plate) with a sinusoidal leading-
edge, relative to a straight leading-edge. 
7.2 EXPERIMENTAL SYSTEM AND TECHNIQUES 
Experiments were performed in a free-surface water channel, which had a depth 
of 610 mm, a width of 927 mm, and a test section length of 4877 mm. In order to 
maintain the turbulence intensity at a value below 0.5%, extensive conditioning of the 
upstream flow involved use of a honeycomb system, followed by an arrangement of 
five sequential screens. The freestream velocity U was maintained at a value of 25.4 
mm/s. The geometry of the flapping wing is illustrated in the schematics at the top of 
Figure 7.1.  
A wing in the form of a rectangular flat plate having a chord C = 50.8 mm and a 
span b = 101.6 mm was mounted on a body of revolution having a diameter D = 12.7 
mm. The thickness of the wing was t = 1.59 mm, and all of its edges, including the 
sinusoidal leading-edge, were sharp with no bevel. The wing was inclined at an angle-
of-attack of αo = 8° with respect to the freestream, throughout the oscillation cycle. 
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The Reynolds number based on chord C was Re = 1,300, which yielded highly 
coherent streamwise-oriented vortical structures and, furthermore, corresponded to 
adequate temporal resolution of the quantitative imaging. 
The end view schematic at the top of Figure 7.1 defines the instantaneous angle ϕ 
during the flapping motion. This angle varied in a periodic manner between maximum 
positive and negative values ϕmax = ±30°. This angular variation had a triangular 
(sawtooth) form, involving a succession of positive and negative ramps, as defined in 
Figure 7.1. The wing therefore had zero acceleration except at the corners of the 
triangular motion, where the smoothing function had a duration 0.015 Δt/T; T is the 
period of the flapping motion. The dimensionless frequency of oscillation was k = 
πfC/U = 0.314. This controlled motion of the wing is intended to represent a generic 
wing rotation that generates the highly coherent vortical structures in presence of 
substantial spanwise gradients. 
The leftmost schematic at the top of Figure 7.1 shows the plate with the straight 
leading-edge; the corresponding plate with the sinusoidal leading-edge is shown in the 
right schematic. The amplitude A of the sinusoidal leading-edge normalized by the 
chord C was A/C = 0.098, and the corresponding dimensionless wavelength between 
neighboring peaks was λ/C = 0.246. Optimization of these parameters has not yet been 
addressed. It should be noted that Darekar and Sherwin employed different scalings of 
the amplitude and wavelength for flow past a wavy bluff body and, coincidentally, 
their values are generally compatible with the present values. 
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A technique of particle image velocimetry (PIV) was employed to determine 
quantitative features of the flow structure in the crossflow plane. Filtered water was 
seeded with 12 μm diameter metallic-coated hollow plastic spheres. A pulsed Yag 
laser system, operating at an output of 50 mJ and at a repetition rate of 14.29 Hz, 
generated a laser sheet of 1 mm thickness after passing the mean through a system of 
spherical and cylindrical lenses. Images were acquired at a rate of 14.29 image pairs 
per second with a camera having a charge-coupled device array of 1600 x 1200 
pixels2. The effective magnification was 12.4 pixels/mm. Patterns of particle images 
were evaluated using a frame-to-frame cross-correlation technique with a standard 
50% overlap, in accord with the Nyquist criterion. Approximately 7227 velocity 
vectors were generated with a spacing of 1.29 mm. 
7.3 RESULTS AND DISCUSSION 
Figure 7.1 shows images corresponding to the flapping plate with a straight 
leading-edge (left column) and the sinusoidal leading-edge (right column). By 
examining the sequence of PIV images for the case of the straight leading-edge with 
time, i.e., images at sequential values of ϕ(t), it was found that the angle ϕ = 13.3° 
during the downstroke motion corresponded to the largest-scale vortical structures at 
inboard locations. Consequently, the value of ϕ =13.3° is employed for comparison of 
the flow structure along plates having straight and sinusoidal leading-edges. For this 
selected flapping angle ϕ, the effective angle-of-attack is αe = α0 + tan-1 Vt/U = 30.7° 
at the tip of the wing, where α0 = 8° is the static angle-of-attack, Vt = 10.64 mm/s is 
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the tangential tip velocity of the flapping wing, and U = 25.4 mm/s is the freestream 
velocity.  
The first row of images in Figure 7.1 directly compares zoomed-out images of the 
streamwise vorticity ωx at a streamwise location immediately downstream of the 
leading-edge, i.e., x/C = 0.1. For the case of the straight leading-edge, represented in 
the left column, a very thin layer of negative vorticity is evident. For the case of the 
sinusoidal leading-edge, shown in the right column, an ordered pattern of small scale 
streamwise vorticity ωx is evident. That is, the non-uniform leading-edge provides an 
ordered array of small-scale, streamwise oriented vortical structures in the immediate 
vicinity of the leading-edge region. 
The second row of images of Figure 7.1 shows patterns of streamwise vorticity ωx 
at the streamwise location x/C = 0.5. The image in the left column corresponding to 
the straight leading-edge indicates a well-defined tip vortex and, in addition, positive 
and negative concentrations of ωx at an inboard location. The corresponding image for 
the case of the sinusoidal leading-edge at x/C = 0.5 indicates a very similar tip vortex 
as for the straight leading-edge, but the large-scale vortex system located inboard is 
not evident. Rather, small scale, relatively weak streamwise vortices are detectable. 
In the third row of images of Figure 7.1, patterns of streamlines further clarify the 
existence and nonexistence of the vortical structures at inboard locations for the cases 
of the plates with straight and sinusoidal leading-edges. That is, for the case of the 
straight leading-edge, two swirl patterns of streamlines are bounded on the upper and 
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lower sides by saddle points, in accord with the positive and negative concentrations 
of ωx. On the other hand, for the case of the sinusoidal leading-edge, only very mild 
distortions of the streamlines are evident along the upper surface of the plate. 
A key feature of the flow pattern along the flapping plate with a straight leading-
edge is the existence and magnitude of spanwise flow from the root to the tip of the 
wing, which is represented by contours of constant transverse velocity v/U in the 
bottom row of images of Figure 7.1. For the case of the plate with the straight leading-
edge, large magnitude spanwise flow, from the root toward the tip of the plate, occurs 
up to the location of the center of the system of vortical structures. Outboard of this 
location, the spanwise flow is in the opposite (negative) direction, that is, from the tip 
toward the root. It is associated with the flow induced by the tip vortex, in accord with 
the streamline pattern in that region. Thus, formation of the large-scale vortical 
structures, evident at x/C = 0.5 for the straight leading-edge, is in accord with the 
opposing directions of spanwise flow along the plate. In contrast, for the plate with the 
sinusoidal leading-edge, such pronounced regions of spanwise flow do not exist, as 
evident in the image at the bottom right of Figure 7.1. Only very low levels of small-
scale concentrations of positive transverse velocity v occur. 
A further, remarkable feature is the fact that the structure of the tip vortex is 
relatively uninfluenced by the form of the leading-edge of the plate, i.e., straight 
versus sinusoidal. That is, the patterns of streamwise vorticity ωx and transverse 
velocity are remarkably similar for these two extreme cases of leading-edge geometry, 
despite the fact that the inboard vortex system is drastically altered. 
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The present investigation characterizes the flow structure for a relatively low 
Reynolds number. For wings undergoing flapping motion at relatively high reduced 
frequency, it is expected that the fundamental mechanisms of three-dimensional 
vorticity generation and development will persist to higher Reynolds number, 
especially for the sharp, thin leading-edge employed herein. It would be informative, 
however, to consider wings having an airfoil cross section over a wide range of 
Reynolds number in future investigations. 
7.4 CONCLUSIONS 
In summary, effective passive control of the flow structure at inboard locations on 
a flapping wing can be attained with a leading-edge having a sinusoidal shape. It is 
possible to attenuate both the positive and negative spanwise flows along the plate 
surface, as well as the onset and development of large-scale concentrations of positive 
and negative streamwise vorticities at inboard locations. These alterations of the 
inboard flow structure have an insignificant influence on the structure of the tip 
vortex.  
It is anticipated that this concept can be extended to a wider range of wing 
motions, including revolving or rotating wings, where spanwise flow is expected to be 
prevalent. The variety of such motions is addressed in the overview of Lentink and 
Dickinson (2009a, b). 
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Figure 7.1: Comparison of flow structure on a flapping plate without and with a sinusoidal 
leading-edge. Flapping angle ϕ = 13.3°, angle of attack αo = 8°, Reynolds number Re = 1,300, 
and dimensionless frequency k = πfC/U = 0.3. 
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CHAPTER 8 
CONCLUSIONS AND RECOMMENDATIONS 
8.1 CONCLUSIONS 
This investigation provides insight into the flow structure associated with simple 
bio-inspired wing maneuvers. An experimental system that generates rotating and 
flapping wing motion in a recirculating water channel has been developed. The 
unsteady three-dimensional flow field along low aspect ratio flat plates is visualized 
via techniques of dye visualization, particle image velocimetry (PIV) and stereoscopic 
particle image velocimetry (SPIV). Quantitative interpretation of the flow structure 
involves sectional and volumetric images of velocity components, vorticity 
components, streamline patterns, vorticity flux and Q-criterion. 
Chapters 3, 4 and 5 describe the sectional and three-dimensional flow structure on 
wings in pure rotation in quiescent fluid; emphasis is on the nature of the leading-edge 
vortex, as well as the root-tip-trailing vortex system. The effects of angle of rotation, 
angle of attack, Reynolds number, aspect ratio and wing shape are studied. Chapters 6 
and 7 address the flow structure arising from periodic flapping motion of a wing in 
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presence of a uniform stream, including the effect of a sinusoidal leading-edge on the 
flow structure.  
Each of the preceding chapters provides comprehensive conclusions associated 
with each specific set of experiments. In the following, a brief summary of the major 
findings is given. 
8.1.1  Flow Structure on a Rotating Plate  
The flow structure on a purely translating wing at high angle of attack exhibits a 
fully stalled pattern, which is fundamentally different from the structure on a wing in 
steady rotation. Due to the influence of centripetal and Coriolis accelerations induced 
by rotation, a stable leading-edge vortex can exist on a low aspect ratio wing (plate) at 
very high angle of attack, even when the angle of rotation is large. This vortex is 
associated with spanwise-oriented velocity of the order of the tangential velocity of 
the wing, and the simultaneous existence of flow around the root of the wing (root 
swirl) and the tip of the wing (tip swirl). The spanwise variation of the structure of the 
leading-edge vortex, represented by sectional cuts of spanwise-oriented vorticity, 
involves four basic regimes as a function of radial distance along the plate. The 
features of these regimes are: regions of conical versus nonconical variation of the 
scale and circulation of the leading-edge vortex; regions where the leading-edge 
vortex is either altered or unaltered by presence of the tip and root vortices; and the 
occurrence versus nonoccurrence of pronounced shedding of opposite-signed vorticity 
concentrations from the trailing-edge. 
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During the early stage of wing rotation, a highly-ordered vortex system occurs. It 
consists of: a stable leading-edge vortex; root and tip vortices; and trailing vortices. 
When the aspect ratio is sufficiently large, and at a late stage (large angle) of rotation, 
both the tip vortex and the region of the leading-edge vortex at large radial distance 
from the root lose their coherence and identity. Simultaneously, enhancement of the 
highly coherent root vortex occurs. In an overall sense, the coherence of the leading-
edge vortex is related to the presence of: a coherent tip vortex; regions of large 
spanwise velocity in both the leading-edge and trailing-edge regions; concentrations of 
chordwise-oriented vorticity along the span of the wing; and large magnitude 
downwash along the leeward surface of the wing.  
The aspect ratio is a critical parameter that is related to centripetal and Coriolis 
accelerations. Coherent root, leading-edge, and tip vortices can be attained at high 
angle of attack during the late stage of rotation for a low aspect ratio wing. Increasing 
the aspect ratio results in degradation of the leading-edge vortex at large radial 
distances. This degradation is associated with: a decrease in the magnitude of the 
downwash; movement of the region of positive spanwise velocity towards the trailing-
edge; and occurrence of negative spanwise velocity in the vicinity of the leading-edge. 
Furthermore, the regimes of vorticity patterns along the trailing-edge take a similar 
form irrespective of the aspect ratio. These regimes are: reoriented vorticity of the root 
vortex; absence of shed vorticity between the reoriented root vortex and the midspan; 
and pronounced shedding of vorticity from the trailing-edge, which starts 
approximately at the midspan and extends towards the tip. 
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8.1.2 Flow Structure on a Flapping Wing in a Uniform Stream  
Periodic flapping motion of the wing in presence of a uniform stream generates, at 
inboard locations, streamwise-oriented vortical structures with significant circulation, 
relative to the circulation of the tip vortex. These vortical structures arise from the 
large magnitude spanwise flows on the leeward side of the wing. Spanwise flow from 
the root toward the tip of the wing is due to the rotational motion of the wing. 
Simultaneously, spanwise flow from the tip toward the root of the wing is induced by 
the tip vortex. The interaction between these two opposing spanwise flows culminates 
in large-scale concentrations of positive and negative streamwise vortices that 
persistent over the entire streamwise extent of the wing. When the leading-edge has a 
sinusoidal configuration, attenuation of the spanwise flows is attained, which in turn 
degrades the onset and development of the large scale streamwise vortices.  
8.2 RECOMMENDATIONS 
The present study provides a basis for future investigations regarding the fluid 
dynamics of bio-inspired flight. Flyers in nature use complex systems to stay aloft, 
maneuver, generate thrust, land and take-off. Substantial research is still required to 
understand and apply them to the next generation air vehicles.  
In this study, the three-dimensional flow structure has been determined for basic 
classes of rotational and periodic flapping motion. However, during actual flight, 
combinations of modes of motion occur. These modes include revolving, pitching and 
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plunging motions. Investigations that focus not only on separate modes of motion, but 
also combinations of them are required to enhance our knowledge base.  
The three-dimensional flow structure will have consequences for the aerodynamic 
forces on the wing. Experiments with either simultaneous force measurements or 
techniques to calculate the forces from the quantitative flow field are desirable. 
Retention of the leading-edge vortex, i.e., maintenance of a stable leading-edge 
vortex, is a key concept in the aerodynamic efficiency of the insect flight. Significant 
progress has been made in the present investigation. Three-dimensional 
characterization of the formation, evolution and shedding of the leading-edge vortex 
should be assessed for various modes of motions to determine if the physics described 
herein is universal.  
The hover mode of flight has attracted significant attention in recent decades. 
During hover, the body or free-stream velocity is insignificant compared to the wing-
tip velocity. Experiments and computations that replicate the hover mode are usually 
performed without the motion of the body or the free-stream velocity. However, 
during actual flight conditions, the body velocity can reach significant values for 
forward flight. Or, presence of a wind gust induces a steady bias velocity. In such 
cases, the effective angle of attack depends both on the wing velocity and the 
additional velocity. Therefore, it would be insightful to include free-stream effects in 
future studies, in order to account for the change in the effective angle of attack and 
the corresponding flow structure.  
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Flexibility of the wing is a critical component of bio-inspired flight. Studies that 
account for the flexibility of the wing have shown that enhancement of the lift can be 
attained. However, accounting for flexibility significantly increases the complexity of 
the problem. Therefore, it may be most productive, as a first step, to address either 
spanwise or chordwise flexibility of the wing for various modes of the wing motion.  
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APPENDIX A 
SUPPLEMENT TO CHAPTER 3:  
FLOW STRUCTURE ON A ROTATING PLATE 
EFFECT OF INTERROGATION WINDOW SIZE 
In Chapter 3, particle image velocimetry (PIV) images on a chordwise-oriented 
plane are processed using an interrogation size of 64x64 pixels2. Frame-to-frame 
cross-correlation with 50% overlap of the interrogation windows yielded 1,764 
velocity vectors with an effective grid size of 2.85 mm. Subsequently, these PIV 
images were also evaluated with an interrogation window size of 32x32 pixels2. In this 
case, processing yielded 7,227 velocity vectors with an effective grid size of 1.42 mm. 
Figures A.1 through A.5 show the effect of interrogation window size on the patterns 
of constant vorticity for various angles of rotation, angles of attack and Reynolds 
numbers.  
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REFERENCE FRAME TRANSFORMATION 
The images in Chapter 3 correspond to a ‘rotating wing’ reference frame where 
the fluid is stationary and the wing is moving, i.e., rotating. A transformed reference 
frame is obtained by subtraction of the magnitude of the velocity of the moving wing 
Vrg from the vertical velocity field v, yielding the ‘stationary wing’ reference frame. 
Figures A.6 through A.9 show the effect of reference frame transformation for the 
rotating wing at various conditions.  
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Figure A.1: Effect of interrogation window size on the patterns of constant vorticity contours 
at an effective angle of attack αeff = 75° and rotation angle of ϕ = 270° for three different 
values of Reynolds number Rerg. The top row shows images at 32x32 pixels2 and the bottom 
row corresponds to images at 64x64 pixels2. Images correspond to an average of 3 images.  
 
 
Figure A.2: Effect of interrogation window size on the patterns of constant vorticity contours 
at an effective angle of attack αeff = 60° and rotation angle of ϕ = 270° for three different 
values of Reynolds number Rerg. The top row shows images at 32x32 pixels2 and the bottom 
row corresponds to images at 64x64 pixels2. Images correspond to an average of 3 images.   
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Figure A.3: Effect of interrogation window size on the patterns of constant vorticity contours 
at an effective angle of attack αeff = 45° and rotation angle of ϕ = 270° for three different 
values of Reynolds number Rerg. The top row shows images at 32x32 pixels2 and the bottom 
row corresponds to images at 64x64 pixels2. Images correspond to an average of 3 images. 
 
 
Figure A.4: Effect of interrogation window size on the patterns of constant vorticity contours 
at an effective angle of attack αeff = 30° and rotation angle of ϕ = 270° for three different 
values of Reynolds number Rerg. The top row shows images at 32x32 pixels2 and the bottom 
row corresponds to images at 64x64 pixels2. Images correspond to an average of 3 images.   
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Figure A.5: Effect of interrogation window size on the patterns of constant vorticity contours 
at an effective angle of attack αeff = 60° and Reynolds number Rerg = 3,600 for rotation angles 
of ϕ = 45°, 90°, 135°, 180°, 225° and 270°. The top rows show images at 32x32 pixels2 and 
the bottom rows correspond to images at 64x64 pixels2. Images correspond to an average of 3 
images.  
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Figure A.6: Images of streamlines, in relation to velocity and vorticity contours, at selected 
locations along the span of the plate. Tangential velocity Vrg at the radius of gyration of the 
plate is subtracted from v component of the velocity at all spanwise locations. Effective angle 
of attack αeff = 60° and Reynolds number Rerg = 3,600 based on chord C of plate and velocity 
Vrg at radius of gyration. Images correspond to an average of 3 images. 
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Figure A.7: Images of streamlines, in relation to velocity and vorticity contours, at selected 
locations along the span of plate. Local tangential velocity of the plate is subtracted from v 
component of the velocity at each spanwise location. Effective angle of attack αeff = 60°, angle 
of rotation ϕ = 270° and Reynolds number Rerg = 3,600 based on chord C of plate and velocity 
Vrg at radius of gyration. Images correspond to an average of 3 images. 
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Figure A.8: Images of streamlines along the span of the plate. Local tangential velocity of the 
plate is subtracted from v component of velocity at each spanwise location. Effective angle of 
attack αeff = 60°, angle of rotation ϕ = 270° and Reynolds number Rerg = 3,600 based on chord 
C of plate and velocity Vrg at radius of gyration. Images correspond to an average of 3 images. 
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Figure A.9: Images of streamlines at midspan for ‘moving wing’ (left column) and ‘stationary 
wing’ (right column) reference frames at rotation angles ϕ = 45°, 90°, 135°, 180°, 225° and 
270°. Tangential velocity at the midspan is subtracted from v component of the velocity to 
obtain the ‘stationary wing’ reference frame. Effective angle of attack αeff = 60° and Reynolds 
number Rerg = 3,600 based on chord C of plate and velocity Vrg at radius of gyration. Images 
correspond to an average of 3 images. 
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APPENDIX B 
SUPPLEMENT TO CHAPTER 4: TRANSFORMATION OF THE FLOW 
STRUCTURE ON A ROTATING WING 
EFFECT OF AVERAGING ON FLOW STRUCTURE  
Averaged images of the flow structure were constructed from a sequence of 
instantaneous images. Figure B.1 shows the effect of averaging at (r-ro)/b = 0.45. 
Contours of constant vorticity ωzC/Vrg, spanwise velocity w/Vrg and vorticity flux 
ωzwC/Vrg2 are compared for various degrees of averaging. In general, the essential 
features remain unchanged. The peak value of vorticity in the core of the leading-edge 
vortex and the peak value of the spanwise velocity deviated less than 2% for ten 
versus twenty averages. Correspondingly, the circulation of the leading-edge vortex 
deviated less than 1%.  
In addition, the effect of averaging on the volume images was investigated. Three-
dimensional representations of slices of spanwise vorticity, iso-surfaces of spanwise 
velocity and iso-surfaces of spanwise vorticity flux were determined for both ϕ = 36° 
and 270° at αeff = 45° and are shown respectively in Figures B.2, B.3 and B.4. Based 
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on comparisons between the averages of three, five and ten instantaneous images, an 
average of ten instantaneous images was found to be satisfactory to represent the 
averaged flow structure. 
EFFECT OF TIME INTERVAL BETWEEN SUCCESSIVE IMAGE 
ACQUISITIONS 
Experiments were performed in still water; therefore, the effect of the previously 
generated wake should be considered in order to ascertain the accuracy of the results. 
For this reason, a comparison of waiting times was considered. That is, the interval 
between acquisition of successive images was set to 30, 150 and 300 s at an effective 
angle of attack of αeff = 60°. As shown in Figure B.5, the patterns of the major flow 
structures in the averages of ten instantaneous images of vorticity, spanwise velocity 
and spanwise vorticity flux are essentially the same for various waiting times at the 
spanwise location (r-ro)/b = 0.5. More specifically, the maximum percentage deviation 
of the peak vorticity and the circulation of the leading-edge vortex for a 30s versus a 
300s time interval between image acquisitions was determined to be less than 2%. 
Therefore, for convenience 30 s was chosen as the waiting time for all experiments. 
TIME HISTORY OF SPANWISE VORTICITY 
The flow structure as a function of rotation angle ϕ is represented in Figure B.6. 
Patterns of normalized vorticity contours are shown for effective angle of attack αeff = 
30° and 45° in the top row and for αeff = 60° in the bottom row. The images at each αeff 
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are stacked in order of increasing angle ϕ to illustrate the time history of the leading-
edge vortex. The rotation angle is indicated at the upper left corner of each individual 
image for αeff = 60°; these same values apply to αeff = 30° and 45°. Images at ϕ = 9°, 
18°, 27°, 36°, 45° and 90° represent the development phase of the flow structure. The 
image at ϕ = 270° represents the fully evolved leading-edge vortex.  
For the case of αeff = 30°, the leading-edge vortex has already formed at the first 
rotation angle of ϕ = 9°. This premature vortex has lower levels, corresponding to 
yellow-orange color, in its core. At the same instant, a positive (blue) vortex, i.e., the 
starting vortex, is also apparent at the trailing-edge. The scale of the vortex increases 
with angle ϕ. The vorticity layer becomes elongated; its length eventually becomes 
comparable to the chord length of the wing. The vortex remains close to the wing 
surface and shedding from the leading-edge is not observed. However, the starting 
vortex and subsequent small-scale concentrations are shed from the trailing-edge. This 
process of vortex shedding remains entirely in the field of view up through the rotation 
angle of ϕ = 27°. Trailing-edge shedding is, however, still present up to ϕ = 45°. 
Beyond this value of ϕ, small scale shedding from the trailing-edge was not detectable 
due to smoothing of lower levels by averaging.  
Similar patterns are evident for larger values of effective angle of attack αeff = 45° 
and 60°. At a given value of ϕ, the leading-edge vortex has a larger scale for 
increasing αeff. In addition, the leading-edge vortex gradually moves away from the 
wing surface at larger αeff without any indication of shedding. The increase in scale of 
the vorticity concentrations with increasing αeff is also evident in shedding from the 
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trailing-edge. At these larger values of αeff, the shed vortices have larger values of 
circulation, and remain in the field of view for a longer time. That is, their convective 
or phase speed decreases with increasing αeff. It is possible to track the starting vortex 
up to ϕ = 36° at αeff = 45° and to ϕ = 45° at αeff = 60°. 
At αeff = 45° and 60°, the leading-edge vortex deflects away from the surface with 
increasing rotation angle ϕ. For αeff = 60°, a positive (blue) vorticity layer is present 
between the leading-edge vortex and the wing surface, starting at ϕ = 36°. The peak 
vorticity of this vorticity layer is one third of the peak vorticity of the leading-edge 
vortex. The consequence of this surface vorticity layer is to reduce the overall 
circulation in the region of the leading-edge.  
A stable leading-edge vortex exists at the mid-span for all angles of attack 
considered, even though there are mild variations in its form. The present results 
indicate that the conical nature of the leading-edge vortex at a given instant is also 
preserved during its evolution with time. 
CIRCULATION OF SPANWISE VORTICITY 
Figure B.7 provides the variation of the circulation of the entire flow field and 
more specifically the leading-edge vortex region in relation to the effective angle of 
attack αeff and the rotation angle ϕ at the midspan. In order to calculate the circulation, 
the field of view was divided into 46 vertical strips and line integration of velocity 
about the circumference was performed for each strip.  
209 
 
The first row presents the circulation distribution along the x coordinate for αeff = 
30°, 45° and 60°. The starting vortex, which was shed at the beginning of the plate 
rotation, moves out of the field of view for larger values of ϕ. Therefore, for each 
effective angle of attack, only three rotation angles, ϕ = 9°, 18° and 27° were 
considered. The images at these values of ϕ show all of the vorticity shed from the 
trailing-edge. Circulation results are multiplied by -1 for convenience. The plots of 
circulation, -Γ/(VrgC), start with zero for all cases, then reach a maximum value in the 
leading-edge region and a minimum at the trailing-edge. At αeff = 30°, the normalized 
peak values of circulation in the leading-edge region at ϕ = 9°, 18° and 27° are 
respectively -Γ/(VrgC) = 0.159, 0.344 and 0.437. At αeff = 45°, the corresponding 
values are -Γ/(VrgC) = 0.213, 0.375 and 0.458, and at at αeff = 60°, -Γ/(VrgC) = 0.249, 
0.394 and 0.477. Regarding the peaks in the trailing-edge region, at αeff = 30°, -
Γ/(VrgC) = -0.137, -0.283, and -0.293 for, at αeff = 45°, -Γ/(VrgC) = -0.183, -0.274, and 
-0.338 for, and at αeff = 60°, -Γ/(VrgC) = -0.230, -0.315, and -0.395. Taking an 
overview of these circulation distributions, the peak values at the leading- and trailing-
edges increase with: increasing rotation angle ϕ; and increasing values of effective 
angle of attack αeff. The total circulation of the flow field was also calculated by 
integrating the circulation along the x coordinate. These calculations yielded -Γ/(VrgC) 
= -0.049, -0.024, and -0.036 respectively for ϕ = 9°, 18° and 27°, at αeff = 30°; -0.035, -
0.042, and -0.038, at αeff = 45°;and -0.006, 0.014, and 0.015, at αeff = 60°. In accord 
with the Kelvin’s circulation theorem, the total vorticity of the leading-edge vortex 
(bound vortex) and the trailing-edge vortex (starting vortex) was essentially zero.  
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The second row of Figure B.7 portrays the distribution of circulation for all 
effective angles of attack and rotation angles. In this case, circulation was calculated 
by using only the negative component of the vorticity, in order to reflect the effect of 
the leading-edge vorticity and avoid the cancellation effects of the positive vorticity 
layers present in the vicinity of the wing boundary and the trailing-edge. The increase 
in the scale of the vorticity contours shown in Figure B.6 is directly reflected on these 
plots. Nearly linear growth of the peak magnitude is observed between the rotation 
angles ϕ = 18° and 270° for each effective angle of attack.  
To represent the circulation in the region of the leading-edge vortex, circuits were 
defined to enclose all of the (negative) vorticity of the leading-edge vortex. The 
contributions of this component of the vorticity were calculated and integrated in the 
areas defined by these circuits. The third row of Figure B.7 shows the integral of the 
negative circulation on the left and a normalized version of the same plot on the right. 
The effective angle of attack αeff = 30° is represented by a red line and square, αeff = 
45° with a green line and circle, and αeff = 60° with a blue line and delta. Data points 
are connected with straight lines. There is an increase in the total negative circulation 
with increasing values of effective angle of attack, although the increase from αeff = 
45° to 60° is not as high as the increase from 30° to 45°, specifically in the region 
between ϕ = 18° and 270°. Moreover, two linearly increasing trends of the circulation 
occur; one is in the region between ϕ = 9° and 45° and the other over the remainder of 
the motion. Peak values of this total negative circulation occur at ϕ = 270°. These 
values are -Γ/(VrgC) = 1.616, 2.301, and 2.753 respectively for αeff = 30°, 45°, and 60°. 
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In addition, the circulation attains 93.6%, 94.1%, and 90.3% of its maximum value at 
ϕ = 90° for increasing effective angle of attack αeff.  
The data of the bottom left plot of Figure B.7 were normalized with the maximum 
value at each effective angle of attack to give the plot at the bottom right. Red square, 
green circle and blue delta are used to represent respectively αeff = 30°, 45°, and 60°. It 
is possible to represent the normalized negative circulation by a single black curve that 
is fitted to these data points. Once again, the linear increase in the region below and 
above ϕ = 45° can be seen in this plot. 
SPANWISE VORTICITY, VORTICITY FLUX AND STREAMLINE PATTERNS 
AS A FUNCTION OF ROTATION ANGLE AND ANGLE OF ATTACK AT THE 
MIDSPAN 
This section is presented as supplemental material to Section 4.3.1 in Chapter 4. 
Detailed results are shown herein, in order to identify the evolution of the spanwise 
vorticity ωzC/Vrg, spanwise velocity w/Vrg, spanwise vorticity flux ωzwC/Vrg2, and 
streamlines ѱ, at midspan. Mainly, the effects of rotation angle ϕ and effective angle 
of attack αeff were investigated.  
Figures B.8a and b shows the contours of constant spanwise velocity w/Vrg 
superposed on contours of constant vorticity ωzC/Vrg. The development phase of the 
flow structure is investigated for rotation angles ϕ = 9° through 90° and they are 
compared with the flow structure at ϕ = 270°, which represents the steady-state 
behavior for effective angles of attack αeff = 30°, 45° and 60°.  
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Spanwise flow through the core of the leading-edge vortex does not appear, or at 
least has very low magnitudes, up to ϕ = 36° at αeff = 30° and 45°, and until ϕ = 18° at 
αeff = 60°. After ϕ = 18°, spanwise flow is located in the region between the leading- 
and trailing-edge vortices, with values from w/Vrg = 0.3 to 0.45 at αeff = 60°. For the 
same effective angle of attack, at ϕ = 27°, it appears in the core of the leading-edge 
vortex, and reaches magnitudes as high as w/Vrg = 0.63. When the wing has revolved 
to ϕ = 36°, all effective angles of attack show, in the cores of the leading-edge 
vortices, a detectable (yellow-red) region of spanwise velocity. This region is small 
and concentrated in the core of the leading-edge vortex at αeff = 30°. At αeff = 45°, the 
large magnitude positive (red-yellow) region of spanwise velocity is larger in scale 
and magnitude, and located close to the wing surface. At the highest effective angle of 
attack, αeff = 60°, a more distributed region with higher magnitudes occurs along the 
chord. The maximum values in the core of the vortex were measured as w/Vrg = 0.54, 
0.81 and 0.99, respectively for αeff = 30°, 45° and 60°.  
Regions of large spanwise velocity start moving towards the trailing-edge as the 
rotation angle increases to ϕ = 45° for αeff = 30° and 45°. However for αeff = 60°, large 
values occur within the vortex core. Maximum values of spanwise velocity of w/Vrg = 
0.48, 0.97 and 1.15 are evident within the contours of constant vorticity at ϕ = 45°. As 
the wing revolves from ϕ = 45° to 90°, a significant change occurs in the flow 
structure at all effective angles of attack. At ϕ = 90°, high positive spanwise velocity 
regions are now located beneath or downstream of the leading-edge vortex mainly in 
the vicinity of the trailing edge. Between ϕ = 90° and 270°, the flow structure does not 
213 
 
undergo a significant alteration in terms of spanwise velocity contours, suggesting that 
the flow structure at ϕ = 270° has attained a steady state.  
Figures B.9a and b show the spanwise vorticity flux ωzwC/Vrg2 superposed on 
contours of constant vorticity ωzC/Vrg. Significant magnitudes of spanwise vorticity 
flux within the core of the leading-edge vortex first appear at ϕ = 27° for αeff = 30° and 
45°. This process occurs earlier at ϕ = 18° for αeff = 60°. The maximum values of 
spanwise vorticity flux within the core of the leading-edge vortex are ωzwC/Vrg2 = -
5.44, -4.75 and -10.80, respectively for αeff = 30°, 45° and 60° at the common rotation 
angle of ϕ = 27°. These regions grow in scale as the wing rotates. At ϕ = 45°, the 
largest values within the core are measured as ωzwC/Vrg2 = -4.82, -7.64 and -13.27. 
Large regions of spanwise vorticity flux remain within the vorticity contours, and the 
vorticity layers remain close to the surface of the wing.  
Changes of the patterns of spanwise vorticity flux occur between rotation angles 
of ϕ = 45° to 90°, as is the case for the aforementioned patterns of spanwise velocity 
w/Vrg. At ϕ = 90°, degradation has occurred, that is, regions of high spanwise vorticity 
flux are not prevalent in the central portion of the vorticity contours. However, the 
vorticity layers at the leading-edge still remain close to the surface of the wing.  
At ϕ = 270°, the pattern of spanwise vorticity flux is not significantly altered at 
the lowest effective angle of attack αeff = 30o, relative to the pattern at ϕ = 90 o. At αeff 
= 45°, however, large negative (red-yellow) spanwise vorticity flux has almost 
disappeared from the region within the vorticity contours. For the highest effective 
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angle of attack αeff = 60°, positive (blue) spanwise vorticity flux appears within the 
vortex core, indicating that there is negative spanwise velocity w/Vrg of low magnitude 
in this region. In addition a small region of negative (red-yellow) vorticity flux is 
present at a location corresponding to the downstream edge of the leading-edge 
vorticity contours. Note that the vorticity layer remains nearly attached to the surface 
of the wing for the smallest effective angle of attack αeff = 30 for all values of ϕ; 
negative spanwise vorticity flux is present within the vorticity contours for all values 
of ϕ. In contrast, at larger effective angles of attack αeff = 45° and αeff = 60°, the 
vorticity layer deflects away from the surface of the wing at larger values of ϕ, when 
negative vorticity flux is minimized within the vorticity contours. 
Streamlines in a transformed reference frame, where the wing is stationary, are 
shown in Figures B.10a and b. The reference frame transformation was applied by 
adding the tangential velocity Vrg at the midspan which is the velocity at the radius of 
gyration.  
A separation bubble is formed in the region of the leading-edge at ϕ = 18° for all 
effective angles of attack. Behind this bubble, the streamline patterns move adjacent, 
and parallel, to the surface of the wing. They then merge with and move parallel to the 
streamlines from the suction side of the wing in accord with the Kutta condition. At 
αeff = 30° the bubble size increases with increasing angle of rotation but converges to 
its final form at ϕ = 90°. In the case of αeff = 45°, the bubble size first increases until ϕ 
= 45°, then decreases at ϕ = 90°. Compared to αeff = 30°, the bubble is larger in size at 
all rotation angles and it has a recirculation pattern inside it after ϕ = 27°. The 
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streamlines always reattach to the surface at this effective angle of attack. When the 
effective angle of attack is increased to αeff = 60°, the recirculating pattern occurs 
earlier at ϕ = 18°. The size of the bubble remains relatively unchanged with 
reattachment of the streamlines occurring in the range between ϕ = 27° and 45°. At ϕ 
= 90° separation of the flow on the upper side of the wing was observed but 
reattachment is attained again at ϕ = 270°. 
SPANWISE VORTICITY, VORTICITY FLUX AND STREAMLINE PATTERNS 
AS A FUNCTION OF ROTATION ANGLE AND SPANWISE LOCATION 
This section describes images that complement those used in the previous section 
and in Chapter 4. Variations of the flow structure at the root, midspan and tip regions 
are explored for azimuthal rotation angles in the range ϕ = 9° to 270°. The effective 
angle of attack is set to αeff = 45°. The non-dimensional radial positions of the imaging 
planes are at (r-ro)/b = 0.065, 0.5 and 0.871 corresponding respectively to the root, 
midspan and tip. Patterns of vorticity, spanwise velocity, spanwise vorticity flux and 
streamlines are given in Figures B.11 to 14. 
Contours of constant vorticity ωzC/Vrg are shown in Figures B.11a and b. The 
scale of the leading-edge vortex grows from the root of the wing toward tip of the 
wing at all rotation angles. At the root of the wing, (r-ro)/b = 0.065, the leading-edge 
vortex is small and concentrated in the immediate vicinity of the leading-edge. At ϕ = 
27°, an extension of the leading-edge vortex occurs along the chord of the wing. Its 
magnitude increases with increasing rotation angle and moves toward the trailing-edge 
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at ϕ = 90°. At ϕ = 270°, it is located in the wake of the wing. These patterns can be 
observed in a three-dimensional form in Chapter 4 for ϕ = 36° and 270°. 
The spanwise vorticity patterns ωzC/Vrg at the midspan for αeff = 45° were already 
discussed in the previous section. In essence, the leading-edge vortex increases in 
scale and stretches toward the mid-chord with increasing rotation angle until ϕ = 45°. 
It flattens and elongates toward the trailing-edge during the later stages of the rotation.  
At the tip of the wing, the leading-edge vortex has a larger scale. At ϕ = 45°, it has 
an unstable shape, followed by elongated and separated layers when the wing reaches 
ϕ = 90°. In the steady-state case of ϕ = 270°, the spanwise vorticity layer is positioned 
parallel to the wing motion with a fully separated form. 
Figures B.12a and b show contours of constant vorticity lines ωzC/Vrg superposed 
on patterns of spanwise velocity w/Vrg. At the root of the wing, contours of constant 
spanwise velocity first appear at ϕ = 18°. The positive (yellow) layer is just above the 
wing and extends along the chord. As the rotation angle increases, the magnitudes in 
this region increase and they concentrate in the region above the trailing-edge. In the 
tip region, in contrast to the root and midspan regions, negative contours of spanwise 
velocity are present near the downstream edge of the leading-edge vortex. These 
patterns grow in scale as the rotation angle increases and move toward the region 
between the leading- and trailing-edge vortices. When the rotation angle is ϕ = 90°, 
they are no longer in the field of field. At rotation angles ϕ = 90° and 270°, the 
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spanwise velocity contours are located just above the wing surface and under the 
leading-edge vortex layers.  
Figures B.13a and b show contours (lines) of constant vorticity ωzC/Vrg 
superposed on patterns of spanwise vorticity flux ωzwC/Vrg2. At the plane (r-ro)/b = 
0.065 corresponding to a representative plane at the root, the flux contours are present 
in the layers of spanwise vorticity associated with the root vortex, although their 
values are low. At the tip (r-ro)/b = 0.871 the presence of the negative spanwise 
velocity, as discussed in Figures B.12a and b, generates positive contours of spanwise 
vorticity flux in the regions downstream of the leading-edge vortex. The magnitudes 
of both the positive and negative components of the flux, undergo a substantial change 
from ϕ = 45° to 90°. This transition coincides with the transformation of the structure 
of the leading-edge vortex at the corresponding rotation angles. 
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Figure B.1: Effect of averaging on the spanwise components of the vorticity ωzC/Vrg, velocity 
w/Vrg and the vorticity flux ωzwC/Vrg2. 
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Figure B.2: Effect of averaging on the slices of spanwise component of the vorticity ωzC/Vrg.  
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Figure B.3: Effect of averaging on the iso-surfaces of the spanwise velocity w/Vrg. 
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Figure B.4: Effect of averaging on the iso-surfaces of spanwise vorticity flux ωzwC/Vrg2.  
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Figure B.5: Effect of waiting time between successive acquisitions on the spanwise 
components of the vorticity ωzC/Vrg, velocity w/Vrg and the vorticity flux ωzwC/Vrg2.  
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Figure B.6: Time history of the spanwise component of vorticity ωzC/Vrg. 
  
224 
 
 
 
 
 
 
Figure B.7: Circulation of spanwise vorticity at the midspan. 
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Figure B.8a: Spanwise component of the vorticity ωzC/Vrg superposed on contours of 
constant spanwise velocity w/Vrg at the midspan location (r-ro)/b = 0.5 for effective angles of 
attack αeff = 30°, 45° and 60° and azimuthal angles of rotation ϕ = 9°, 18°, 27°, 36°, 45°, 90° 
and 270°. (ωzC/Vrg)min = ± 0.8 and ΔωzC/Vrg = 1.6.  
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Figure B.8b: Spanwise component of the vorticity ωzC/Vrg superposed on contours of 
constant spanwise velocity w/Vrg at the midspan location (r-ro)/b = 0.5 for effective angles of 
attack αeff = 30°, 45° and 60° and azimuthal angles of rotation ϕ = 9°, 18°, 27°, 36°, 45°, 90° 
and 270°. (ωzC/Vrg)min = ± 0.8 and ΔωzC/Vrg = 1.6. 
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Figure B.9a: Spanwise component of the vorticity ωzC/Vrg superposed on contours of 
constant spanwise vorticity flux ωzwC/Vrg2 at the midspan location (r-ro)/b = 0.5 for effective 
angles of attack αeff = 30°, 45° and 60° and azimuthal angles of rotation ϕ = 9°, 18°, 27°, 36°, 
45°, 90° and 270°. (ωzC/Vrg)min = ± 0.8 and ΔωzC/Vrg = 1.6. 
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Figure B.9b: Spanwise component of the vorticity ωzC/Vrg superposed on contours of 
constant spanwise vorticity flux ωzwC/Vrg2 at the midspan location (r-ro)/b = 0.5 for effective 
angles of attack αeff = 30°, 45° and 60° and azimuthal angles of rotation ϕ = 9°, 18°, 27°, 36°, 
45°, 90° and 270°. (ωzC/Vrg)min = ± 0.8 and ΔωzC/Vrg = 1.6. 
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Figure B.10a: Streamline patterns corresponding to transformed reference frame at the 
midspan location (r-ro)/b = 0.5 for effective angles of attack αeff = 30°, 45° and 60° and 
azimuthal angles of rotation ϕ = 9°, 18°, 27°, 36°, 45°, 90° and 270°.  
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Figure B.10b: Streamline patterns corresponding to transformed reference frame at the 
midspan location (r-ro)/b = 0.5 for effective angles of attack αeff = 30°, 45° and 60° and 
azimuthal angles of rotation ϕ = 9°, 18°, 27°, 36°, 45°, 90° and 270°.  
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Figure B.11a: Contour plots of constant spanwise component of the vorticity ωzC/Vrg at three 
spanwise locations (r-ro)/b = 0.065, 0.5 and 0.871 for effective angle of attack αeff = 45° and 
azimuthal angles of rotation ϕ = 9°, 18°, 27°, 36°, 45°, 90° and 270°.  
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Figure B.11b: Contour plots of constant spanwise component of the vorticity ωzC/Vrg at three 
spanwise locations (r-ro)/b = 0.065, 0.5 and 0.871 for effective angle of attack αeff = 45° and 
azimuthal angles of rotation ϕ = 9°, 18°, 27°, 36°, 45°, 90° and 270°. 
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Figure B.12a: Spanwise component of the vorticity ωzC/Vrg superposed on contours of 
constant spanwise velocity w/Vrg at three spanwise locations (r-ro)/b = 0.065, 0.5 and 0.871 for 
effective angle of attack αeff = 45° and azimuthal angles of rotation ϕ = 9°, 18°, 27°, 36°, 45°, 
90° and 270°. (ωzC/Vrg)min = ± 0.8 and ΔωzC/Vrg = 1.6. 
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Figure B.12b: Spanwise component of the vorticity ωzC/Vrg superposed on contours of 
constant spanwise velocity w/Vrg at three spanwise locations (r-ro)/b = 0.065, 0.5 and 0.871 for 
effective angle of attack αeff = 45° and azimuthal angles of rotation ϕ = 9°, 18°, 27°, 36°, 45°, 
90° and 270°. (ωzC/Vrg)min = ± 0.8 and ΔωzC/Vrg = 1.6. 
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Figure B.13a: Spanwise component of the vorticity ωzC/Vrg superposed on contours of 
constant spanwise vorticity flux ωzwC/Vrg2 at three spanwise locations (r-ro)/b = 0.065, 0.5 and 
0.871 for effective angle of attack αeff = 45° and azimuthal angles of rotation ϕ = 9°, 18°, 27°, 
36°, 45°, 90° and 270°. (ωzC/Vrg)min = ± 0.8 and ΔωzC/Vrg = 1.6. 
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Figure B.13b: Spanwise component of the vorticity ωzC/Vrg superposed on contours of 
constant spanwise vorticity flux ωzwC/Vrg2 at three spanwise locations (r-ro)/b = 0.065, 0.5 and 
0.871 for effective angle of attack αeff = 45° and azimuthal angles of rotation ϕ = 9°, 18°, 27°, 
36°, 45°, 90° and 270°. (ωzC/Vrg)min = ± 0.8 and ΔωzC/Vrg = 1.6. 
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Figure B.14a: Streamline patterns corresponding to transformed reference frame at three 
spanwise locations (r-ro)/b = 0.065, 0.5 and 0.871 for effective angle of attack αeff = 45° and 
azimuthal angles of rotation ϕ = 9°, 18°, 27°, 36°, 45°, 90° and 270°. 
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Figure B.14b: Streamline patterns corresponding to transformed reference frame at three 
spanwise locations (r-ro)/b = 0.065, 0.5 and 0.871 for effective angle of attack αeff = 45° and 
azimuthal angles of rotation ϕ = 9°, 18°, 27°, 36°, 45°, 90° and 270°. 
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